- 1 - METHOD AND APPARATUS FOR THE MANI PULATI ON OF PARTI CLES BY MEANS OF
DI ELECTROPHORESI S FI ELD OF THE | NVENTI ON, An appar at us and net hod are

di scl osed for the manipul ati on and det éclion of particles such as cells,
pol ystyrene beads, bubbles, and organelles by neans of dielectrophoretic
forces. BACKGROUND OF THE | NVENTI ON Di el ectrophoresis (DEP) relates to the

{he. statl onary. (M GOD ALV AINEA A8 TR TREPRABIRUIATION Pence o ™
(nDEP) Trel i nt erdF ARMCLEES B BIEANS O FERECERAORESHE T oe

force is conparable to the gravitational one, an equilibriumnpmay be
established in order to levitate snmall parti- cles. The intensity of the

di el ect r ophor egje§ i OFCAIE 8SVIRfoRs its direction, strongly depend on the
di el ectric and conductive properties of particles and on the nediumin

which the body is imersed. In turn, these properties may vary as a

function of fr Fad8lii HARCGhdnBuiath Md dehSiidnhRPhiicIed
dieIectrophoregﬁgsﬁ%%u%%gﬁé%ﬁgf#ghg%m%y H A oﬁl in "Di -%elegkr%,horesis"
Canbri dge Uni verhias yeley psstyf<Ba trbnds.duybblaso 7:8) orzanelich by msanscef| disdesrorbpstic t j on of

a case of partkcular interest is reported in Biochimca et Biophysica Acta
1243 (1995) p'°"f85-194, and Journal of Physics, D. Applied Physics, 27
(1994) pp. 1571-1574. Studies on the action of dielectrophoresis on both

bi ol ogi cal matter j L= fuses DNA etc.) and inorganic

mat t er particIégcﬁéggbbggﬁﬁgﬁ%ﬁéggggﬁfﬁg{ng DEP forces for the isolation
of elements froma m xture of mcroorganisns, their characterization by

di fferences in_physical propertjes and @heir gener a mani pu ion. For such

| |
purposes, t he Ddrgteberesy (R %@@ﬁ“l@eﬁ5§Pﬂﬁ@’?VfﬁgﬁgmnyPﬁggégﬁe y

Scal e of
particle size, wnth QbR tot@nuniform, time stationary (DC) or time varying (AC) electric fields,

experience a net force directed towards locations with increasing (pDEP) or decreasing
(nDEP) field intensity. If the intensity of the said dielectrophoretic force 1s comparable to
the gravitational one, an equilibrium may be established in order to levitate small parti-
cles. The intensity of the dielectrophoretic force, as well as its direction, strongly depend
on the dielectric and conductive properties of particles and on the medium in which the
body is immersed. In turn, these properiies may vary as a function of frequency for AC

fields.

A description of the theory of dielectrophoresis has been published by H. A. Pohl in "Di-
electrophoresis” Cambridge University Press (Cambridge 1978). A theoretical formula-
tion of a case of particular interest is reported in Biochimica et Biophysica Acta 1243
(1995) p. 185-194, and Journal of Physics, D: Applied Physics, 27 (1994) pp.
1571-1574.

Studies on the action of diclectrophoresis on both biological matter {cells, bacteria, vi-
ruses DNA, etc.) and inorganic matter particles have lately proposed using DEP forces
for the isolation of elements from a mixture of microorganisms, their characterization
by differences in physical properties and their general manipulation. For such purposes,

the suggestion has been to utilize systems of the same scale of particle size, in order to



2 reduce the potentials required by electrical field distributions. U.S.
Pat. 5,888,370, U S. Pat. 4,305, 797, US. Pat. 5,454,472, U S. Pat.
4,326,934, U.S. Pat. 5,489,506, U S. Pat2 -5,589,047, U S. Pat. 5,814,200
teach different methods of separating particles in a sanple, based on
differences in dielectric and conductive proper- ties characterizing the
speci es they bel on The mai n_drawback common to all devices proposed
resides in the’eﬁéﬁg?er@f;?émls SRuid Bhglprical fidd s hwipF dynami ¢ ni crosystenms for
noving fluids within the system Moreover, each apparatus of the above

| i sted patents in- volves contact and frlctlon of particles with the

surfaces of th&-5ystenissSdhplantai fg0s-1HelkS. r?@b|5|45t‘547%rfésl Rrted442€.934. U. S.
Pat. 5,344, 535t £3eNe33@ 56y St 9534 019, 9haﬁaﬁlfmwzé@kamﬁé}en@wheag ogani sm
proper- ties. The disclosed apparatus and the proposed nethod have the
short coni ng of s§ppEiigipanicies dng mpk: b?stda@ﬂgéffqmmem digtctiyoaiid senduttive leioper- t he
advant ages of gl t osed
systemis unabﬁgﬂ%%égggg H%ag%ntéﬁ?ﬁg%&% |€T%€mﬁﬁﬁkk eV|c€Q§3§§ﬁ%L

U S Pat. 4, 95@$@6§dt@abhesmanmappamaﬁmﬁdmowMemdﬂaﬁe&&mmghmx@amhnsﬁms and
anal yze thelr ropert However th| res

f eedback contro ¥§lﬂ't"§ém J{s?h nce 1t i Moreoiver 2ol ﬁgﬂa fret}é‘?)a\l(jne}"": I %Llﬁié’atem%f emis
unsui t abl e for veliesi @btacti apd tiiaion ohamncigs wtlt theem‘aceh ofeths kyera], ccbrqpah@gg whi ch
i s not conpati?ﬁwnygmr ng Qst eam m croel ectronic fabrica- tion

t echnol ogi es. 8 Y“%” Schnelle, R Hagedorn, G Fuhr, S. Fiedler,
T. Muller in Blochlnlca et Bi ophysica Acta" 1157(1993) pp. 127-140,

descri bes rese a nts on th creation t hr ee- di nensi onal
pot enti al cage?ﬂ}f‘t Sg;é‘gﬁgﬁ Sa? Py§Hmder %Fl’tafa(ﬁeﬂ?“o \FEPTEantty @198F5 nos ed
structures aretwerie ﬁsdiésecp@baraﬁ@aﬁdampr@;ﬁk@ rhathod GRle@hethérttomb@ ofhotidRE cel |'s
(re- quired for trapping a si nrg?le cell in the cagﬁ% e)lln fact, the mgjor
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publ i shing division of Mu, ﬁ

faces.

U.S. Pat. 4,956,065 teaches an apparatus to levitate single particles and analyze their
physical properties. However, this device requires a feedback control system since it em-
ploys pDEP. Morcover, the system is unsuitable for miniaturization, having a three-
dimensional topology which is not compatible with mainstream microelectronic fabrica-

tion technologies.

The paper by T. Schnelle, R. Hagedomn, G. Fuhr, S. Fiedler, T. Muller in "Biochimica et
Biophysica Acta" 1157(1993) pp. 127-140, describes research and experiments on the
creation of three-dimensional potential cages for the manipulation of particles. However,
the proposed structures are very difficult to fabricate in scale with the size of cells (re-
quired for trapping a single cell in the cage). In fact, the major problem of these systems

is the vertical alignment of two structures on a micro-metric scale.

Fuhr G. et al, Sensors and Materials, JP, Scientific publishing division of Myu, Tokve,
vol.1, No. 2, 1995, pages 131-146 discloses an apparatus for manipulating cells and mi-

croparticles according to the preamble of claim 1: this apparatus is also affected by the



vol .1, No. 2, 1995, pages 131-146 di scl oses an apparatus for manipul ating
cells and m - croparticles according to the preanble of claim1l; this
apparatus is also affected by the 3- dffficulty of aligning the | ower

el ectrodes to the upper electrodes. The aimof the invention is to overcone
t he above alignnent problenms. SUMVARY OF THE | NVENTI ON Accordi ngly, the

i nvention proviig?ef_afg,éiappar atus for mani pul ati n% particles, a nethod for
mani pul ati ng PRI piadenig helongsioriadesia Pimars ATt er ent types of
particles, a nmethod for manipulating different types of particles and a
met hod for counting the nunber of parti- cles according to clainms 1, 20,
24, 25 and 28Thgawgate inyertion istp everconrtie phovealigamenparoblens.t he st abl e

| evitation and i ndependent notion of neutral parti- cles in a liquid
suspendi ng nmedi um and their precise displacenent by neans of an el ec-
tronical |y pr SYMMARY QF JEF INVENIEPNed to receive such a solution. As used
above, the tenMordlif uklifenol ploMAA Ml BEHHARIBMANOMEA nRILEr Such as
cells, cell aggregates, ce organel I'es, bacteri a, ruses and nucl ei c

aci ds as wel | magipilpiow garticles, amedtltod forsumntiag differag tgles of rartieks. al msethalyfint het i ¢

particles and bl.es. "dielectropho-, retic potential" at. i s neant
is a three-di r?eg‘ﬁglfl%n Idlf?%eﬂs Eé%saﬂg "rlmelﬁsnaél? iaé?]eth\%gosrecougr%%ﬁ’gﬁlf“%ﬁré’}agﬁﬂhl to the

di el ect r ophor els sefrding &.clddys I, equidpnt @dt2B atspstivdlace” what is neant is a sur-
face defined in the 3D space whose points have the sane diel ectrophoretic
potential; the dielectrophoretic force is always perpendicular to said
surface. By "paclesndiab eage foriatablé &vitmanindi isdepenpait b ThegpagAeNCl 0sed
by an equi potential.  surface and containing a local mnimmof the

di el ect r ophor 8@? & aplb%”%?‘?pff“?m%ved“ﬁ%?‘tdi t&?“’ei’ff‘i‘%ﬁ]b*ég"wgti Yensgnpefrwriscal cage”
what is neant tgically pRigtaniable IMMQ84ptdi® Hileasdnraaphgseti ¢ force and | ocated
inside the said cage. At equilibrium if the particle is subject to

di el ectrophoretic force only, then it will be |ocated at a position

cor respondi ng Ak QsdahBozaind i LG4 IPRREGY &&m@g&eﬁaﬂzbﬁdm Ll Qs cQfsher wi se

it wll be positioned at a displacenent. fromthat "m ni mrum gi ven by the
bal ance of f 6flaggregates, cell organelles, bacteria, viruses and nucleic acids as well as inorganic

matter such as minerals, crystals, synthetic particles and gas bubbles. By "dielectropho-
retic potential” what is meant is a three-dimensional (3D) scalar function whose gradient
is equal to the dielectrophoretic force. By "equipotential surface" what is meant is a sur-
face defined in the 3D space whose points have the same dielectrophoretic potential; the
dielectrophoretic force is always perpendicular to said surface. By "potential cage” what
1s meant is a portion of space enclosed by an equipotential surface and containing a local
minimum of the dielectrophoretic potential. By "particle trapped inside a potential cage"
what is meant is a particle subject to dieleétrophoretic force and located inside the said
cage. At equilibrium, if the particle is subject to dielectrophoretic force only, then it will
be located at a position corresponding to the said dielectrophoretic potential minimum,
otherwise it will be positioned at a displacement. from that minimum given by the balance

of forces.

The preferred, but not exclusive, embodiment of the present invention, comprises
two mam opposed modules; the first one comprises a plurality of electrically con-
ductive electrodes, whose shape may be of various types, regularly arranged on an

insulating substrate; the electrodes may be optionally coated with an insulating layer



The preferred, but not exclusive, enbodi nent of the present invention,
conprises two main opposed nodul es; the first one conprises a plurality of
electrically con- ductive el ectrodes, whose shape nmay. be of various types,
regularly arranged on an insulating substrate; the el ectrodes may be
optionally coated with an insul atiyng |ayer 4 protecting them from charge
carriers present in the liquid suspension. If this nod- ule is realized
with integrated circuit fabrication technology, it may include nmenory

el enﬁﬁ)ttéctfsn fth@}nef}aﬁ%%;%%ﬁ@mr@&m ¢RMhé GehAbhRpSistal 1fd8ReMaROr S such as

si ne” or uare wave, Ihpulse etc., with variable frequency and phase, any

i Nt egablalisan#dh inth@yiiee clrenit dsieniion gedtwldyyeis angeimiudehaermpart i cl e,
i nput/output circuits etc.. The sec- ond nodul e conprises a single |large

el ectlep@etsffabkelecabad programeing ueinfigerabbpsignalagenyratorsanshaseite omt t er, whi ch
in turn may be coated with an insulating layer. It is to be understood

t hat squaires whee, gmpaleete. ogithneyisbleedsnephnd phase agpetegtabld egsebdes, | f
desired. A spacer can be inserted between the first _gl ower) nodul e and the
secofevicq ippgeieptivadhe presersaof the prassiclanHutAOWREhBESUIFOItCt HERCHAL ai nnent  of

the sanple to be analyzed, or ni pul at ed. The sa spacer may, al so serve

o cOrABITE SEPRTEE POTE MRS PP AP HGA AT A Bg USRS GPHORMS ol t1 bl &
chambers. O course,. the acer | so.be integrated in.ei.ther the first
el £ R A e L g L A A SRR

M Cr QSco i f:kui di cs

syst %’B‘m orrsg#givﬁ%gq Fllgq}g?%e %gctgog%ﬁgﬁ %}JSFQ?E n%’? %ﬁedr:lﬁzl %evgﬁaé‘%gégkmg?s,tlte devi ce.

The LRt ect&®r Ahn HRGnARRAM Bdtite BRCAIsh§Rval) AvanRNG Mk &kamt Y appl yi ng
i n- phase and count er-phase periodic signals to the electrodes, to

est abhhreh) bile therdst €6 dmplhastib el chanbed forntheeontidenendehthepatmph k@l cages,
the strength of which may be varied by acting on the frequency as well as
on t be aanipkéd sdmanipuldied sThosdme skt sy alshirernedgestabliph secppattoe or nore
particles, thus permtting themeither to levitate steadily or to nove
Wi t hiwalls msidei the clezitanbes o oralizonhiltiDigehembers Slfcoutsar e spager may

also be integrated in either the first or second module, or both. Finally, a visual

inspection system such as a microscope and camera may be added to the device,

as well as fluidics systems for moving liquid or semi-liquid matter in and out of the

device.

The architecture of the apparatus described allows one, by simply applying in-

phase and counter-phase periodic signals to the electrodes, to establish in the micro-

chamber one or more independent potential cages, the strength of which may be

varied by acting on the frequency as well as on the amplitude of the signals applied.

The cages may trap one or more particles, thus permitting them either to levitate

steadily or to move within the micro-chamber, or both. Due to this feature, any

contact or friction of the particles with the chamber borders and the electrodes can

be avoided. The height and relative displacement of cages can be independentiy set

by an appropriate choice of signals and does not require any mechanical adjustment.

~ Thus, the device can be configured as a fully programmable electronic apparatus.

The methodology for the displacement of the potential cage along the micro-



~-contact or friction of the particles with the chanber borders and the

- electrodes can be avoided. The height and relative displacenent of cages
- can be independently set by an appropriate choice of signals and does not
requi re any nechani cal adjustnent. _ Thus, the device can be configured as
a fully programmabl e el ectronic agparatus. The nethodol ogy for the

di spl acenent of the potential cage along the mcro -5 chanber is nmuch |ike
the principle used in charge coupled devices (CCDs). For exanple, if a
first,electro | Sl h - W h r } r ded by
e|ecfPﬂagé'%b%ﬁ%%?%ﬁngF@%ﬁﬂﬁéﬁgﬁﬁé§éﬂgﬁgH%ﬁ%?ggagﬁg%nv?gﬁﬂ§aggﬂis

est a%ksﬁgfedimgssgplecﬁédé fs-inﬂ?ﬂb with 8k WRbY: ARRLM A ksRupRAsResbgnal s to one

of the adjacen ectrodes In the sane direction as the programed

Mot i QibktrohE: BRnBELEl /b cGRASr-SRARANM Y @rpotbiifal icaBe & @ciNIRHES ohivep al i gni ng
its center in between them the paxticle has tbus noved half of the

cel | -iif. ClheMGE sitdify bpplsigeni-phas stirpls edotidef piadjacantr dedtsds for the
first electrode (where the particle was | ocated at the begi nning of the
phasdjs the dinse dizersizm dshithepobemmmed cagion) she potentiaheaze sprepdeoet top of the
i n-phase el ectrode which is displaced one cell-pitch away fromthe

pr evitbegwe|edestrode thiByaligaingaits sentehdn begweesrthgper thei patigleokrs Hitser axis any

tenti al b dth . pl ._.The short ' f
Govi Goaral ol ool Dy | RO (AR BRFCobRE TRAHES: 5 BEREaappar at s
di t.h t ] N ich,al t tablish
e B R R e A
di el ect hor.et i ti ' i
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rel ate e 1 nplenentation cost and to the m ni num all owabl e cage

pot enkital ofdrafod MAGE SMeriatist 16 FuteMialahle bilyitgymend geusdrthearagd more
critical as the electrode size shrinks). Hence msalignnent of the two

mai n pi@ekil es does not conpromi se the systemfunctionality. The inportance
of this feature nmay be bet-
The shortcomings of devices known from the prior art can be overcome thanks-

to the apparatus according to the present invention, which allows one to establish
a spatial distribution of electric fields that induce closed dielectrophoretic potential
cages. The proposed device does not require precise alignment of the two main mod-
ules, thus optimizing both simplicity and production cost: it overcomes most of the
restrictions related to the implementation cost and to the minimum allowable cage
potential size inherent in the prior art (alignment gets more and more critical as
the electrode size shrinks). Hence misalignment of the two main modules does not
compromise the system functionality. The importance of this feature may be bet-
ter appreciated if one thinks of all the applications in which the device is manually
opened and/or closed, requiring repeated and flexible use; it may thus be imple-
mented in low-cost, standard manufacturing microelectronic technology. Moreover,
the proposed device easily allows trapped particles to be displaced along a wide range

compared to the particle size.

In addition, no prior art system that employs fluidics or “traveling fields” for the



ter appreciated if one thinks of all the applications in which the device
is manually opened and/or closed, requiring repeated and flexible use; it
may thus be inple- nented in | owcost s standard manufacturing

m croel ectronic technol ogy. Moreover, the proposed device easily allows
trapped particles to be displaced along a wide range conpared to the
particle size. In addition, no prior art systemthat enploys fluidics or
"traveling fields" for the displacenent of particles achieves precise
particle positioning while keeping particles away from device surfaces;
yet, it is apparent that such a result can be achieved if

t hr ee- di nensi onal potential -cages positioned at a fixed hei ght and novabl e
al ong ot herdisphicerae ob partiees adhievespprasiset nagtichr posaivaing albile kedpingtfaeicleadvant ages
of the inv ' Lr he.p Lbi | to control the height. of the
cage pot en%}/ gfbg;?/ Héaoé‘feu%ﬁa%eté’ %ﬁ’el?\?scs) f"@%lg%“t élgﬁ ?Jugg a Igsbugtl ?3823.‘3 afﬁlgg st o the

fl exi bl e pribge-dimensionabpottriiial-cligeTpwoitionkd mueinkd deight vuhd oadblpabtpsotean be

est abl i shed;; 1.t i Qi t for. applicatiqn-speci.fic devices and
wi deni ng tgdelre&gb g?lafe%gfa Séa%%fse%%?‘é%fngg%g?“f%eétalg‘@ﬂ?gcénog%s'g‘f@m‘tw @Frore, the
abi lity to thnpegbidityetoepitiot tle heighf dre cagn@bintialy By SBREHNGe adllapysal@Re t O
over cone trh%gﬁ'e%ﬁd for bulky detection instrunentation normally used in

uc

this field, as mcroscopes and caneras, although it does not prevent
it frombeing used for visual inspection of the internal m cro-chanber.

Processi ng i ntegrated sensors infornation wth feedback control
t echni ques,ﬂe;'ﬁ]ésbﬁoetgg ﬂ%’&ﬁ%lpé?(g%%’%tq?éﬁes g’?%osﬁ VAR YrYRft PAY R g |y

aut omat ed watpblishel, thusaavpideng the heddat epplizatohQpectiic dhRePiSkRAInPMEPerti es of
particles under .test.. Finally, the claose otential cage approach prevents
particles ffot °§‘e¥‘ff?“ﬁ‘§‘ ac?tgﬁca s t‘FﬁF'OPSW“ﬂe‘%‘?@’ Blecbiie o Begralyyeptigtly nani ¢
flows due tamdtohenpaitivgr@éiigntaBowss o@ith | RAREmBHRMAERN for MBI RSBFUAl | Y
likely from

ny direction), or. for due to Archi nedes' bal ance. In fact,
inall the '} 6’?)’8”8%%’65’@2’3’(9‘%&3&%@ SHFIGY PHTARGORSS ARdgameTas apkstuehniti al
surfaces praeesoct praveitfie®dm beng 69ed €@ vidialGRPBRHn 6OWRIRERA AR Erdmar d forces.
Some uni qu rf eatur%s.of the a a,rfat us. according to the present invention,
as conpare pegssing the integrated sensors mformation with feedback control techniques, enables
complex operations to be carried out in a fully automated way: for example,

characterization or the physical properties of particles under test.

Finally, the closed potential cage approach prevents particles from getting out of control
in the presence of. hydrodynamic flows due to thermal gradients, significant Brownian
motions (equally likely from any direction), or forces due to Archimedes' balance. In fact,
in all the above cases, any apparatus providing non-closed potential surfaces proves

ineffective, since it cannot counterbalance upward forces.

Some unique features of the apparatus according to the present invention, as compared to

those present in the prior art, may be summarized as:

1. the capability of establishing closed dielectrophoretic potential cages without
requirements of alignment between modules, whereby single or groups of
particles are independently trapped in the cages and placed in stable suspension

by means of dielectrophoretic forces without any friction with electrodes or

boundaries.



those present in the prior art, may be sunmarized as: 1. the capability of
establ i shing cl osed diel ectrophoretic potential cages w thout requirenents -
of alignment between nodul es, whereby single or groups of particles are
i ndependently trapped in the cages and placed in stable suspension by

means of di el-ectrophoretic forcesyw thout any friction with el ectrodes or
boundaries. -7 2. The ability to nove any potential cage independently

around the mcro-chanber by virtue of electronically progranmed el ectric

signal g. g, aéﬁhg t%orﬁééebingipbyeneifa._l iAkpREd4ME SagRd Shmic6chambeg to
appl i cdation requirenent and 1 npl enrentation, thus permtting fabrication

of the dgVifeud & REFR/aAG prégrominted Aedirialsipgylswi th i npl enent ati on of
enbedded "sensors, actuators and signal generation. BRI EF DESCRI PTI ON OF

THE DRAWNGS FIG 1 shows a schematic three-di nensional view of a part of
the deyi The gossihibtyenf shonkiagphecagsmizsFceaTIHE ORRPHCH IR FRSYUEREN r uct ur e
formed by the substrate, including.,he e]ect deC? .and the lid; FIG 2
shows a ded ainplemestasion. $hug pematting LPrietiono s'g’ﬁE SE HEO8ES n FIG 1
FIG 3 shows an enbodi nent aof the el ectrode. anran , shows an
al t er nat FRP8ICeHRSBRALASH T "?ﬁ@”‘éf‘t@'&opo‘gamgg?daagge@%@?E%téat%%ngs a bl ow up
schemati c dila%r am of the device enphasizing the presence of a third

nmodul e; P& DEREIRR- a t hr ee- di mensi onal surface in which each poi nt has
the sane root nean square (RVS) electric-field nmagnitude; FIG 7 shows the

sanme plot as_in FIG far Lf of signals applied; FIG 8
sket FrEE@&‘g‘%I%i&%%b‘?ﬁﬁﬁpb%W%%u ng the fundamental steps and

their timng;

FIG. 1 shows a schematic three-dimensibnai view of a part of the device de-
voted to sample manipulation, with the modular structure formed by the substrate,
including the electrodes, and the lid;

FIG. 2 shows a detailed cross-sectional view of the same structure as in FIG. 1;

FIG. 3 shows an embodiment of the electrode arrangement ;

FIG. 4 shows an alternative embodiment of the electrode arrangement;

FIG. 5 shows a biow-up schematic diagram of the device emphasizing the presence
of a third module;

FIG. 6 shows a three-dimensional surface in which each point has the same root
mean square (RMS) electric-field magnitude;

FIG. 7 shows the same plot as in FIG. 6 for a different set of signals applied;

FIG. 8 sketches the cage motion principle highlighting the fundamental steps and
their timing; |

FIG. 9 shows a 2-D plot of the RMS magnitude of the electric field on a vertical
section orthogonal to the electrodes, assuming that electrodes extend for the whole
device length;

FIG. 10 shows the same plot as in FIG. 9 for a different set of voltages applied;



“FIG 9 shows a 2-D plot of the RVMS magnitude of the electric field on a
~vertical section orthogonal to the electrodes, assuming that electrodes
extend for'the whole ' device length; FIG 10 shows the sane plot .as in FIG
9 for a different set of voltages applied; 8 FIG 11 shows a plot of the
absol ute value of the gradient of ghe square RM5 nagnitude of the electric
field along a horizontal cross section of the plot in FIG 9 passing )
t hrough the diel ectrophoretic potential mninmm (4.3m above the el ectrode

sur f acqlpe H Copda, £ MoMSoRuh! Hlsoflie LORARSAE Wraibal UPURS sduage gnagli ent of the

square gni ectric freld,” along a vertical section of

the géag%mhlae Bt Ghe SeRaR HeltPalohBraOMHonbE bk lse@idiophallbeiPBI@Ngi al m ni mum
|

for erent val ues of the voltage applied to the upper electrode; FIG

13 shaven AtHb@th e diflectadisRirsticpotahtial minimbm @rHohabbvothetehetodaar e RVE
magni tude of the electric field, along an horizontal cross section of the

pl ot S{lﬁadépl,(i 10 passing through the diel ectrophoretic potential mninmm
FIG 14 shows a plot of the absolute value of the gradient of tge square
RVE neBiG .t 12chofs thBotebbthe dlsolitevalueadioihg eradiept of spe satare SMaf the pl ot
in FIG 10 passing through the diel ectro,phoreéi C Qt?ﬂ?}@' m.ni mum FIG
15 shoaguitudeiofphe eleetdictfiedbdielonsy varial ssohigniaf 8 PIiRR | PaSEPE 1S
sketches the bl ock diagramof a cell. in Ehe .ﬁ,rr%%l;v Fl G %}Zeéklgé[ %hes t he
meas dheavshttie figleqirRRtoEe HinPRuT R Hak Mt forrdifiare i vplyes RE apparat us; FI G
18 shovvﬁ schemati c Iotd of the nDEP potential along a generic section,
conmp&PP ﬁf?&%g%e WPBY 9§ %article one; FIG 19 sketches a special el ectrode

| ayout L Chis QRARL GSH1908s TR ARl BeZR1d6r 11T GAdRNRIE 3R 8qdfe HNIS el ectrode
progranmihg circuit;

magnitude of the electric field, along an horizontal cross section of the plot in FIG.

10 passing through the dielectrophoretic potential minimum;

FIG. 14 shows a plot of the absolute value of the gradient of the square RMS
magnitude of the electric field, along a vertical section of the plot in FIG. 10 passing
through the dielectrophoretic potential minimum;

FIG. 15 shows a simplified block diagram of the first substrate;

FIG. 16 skeiches the block diagram of a cell in the array;

FIG. 17 sketches the measurement instruments which may be interfaced with the
apparatus;

FIG. 18 shows a schematic plot of the nDEP potential along a generic section,
comparing cage size with particle one;

FIG. 19 sketches a special electrode layout which enables one to optimize the
area available for the electrode programming circuit;

FIG. 20 sketches a special electrode layout which allows for optimization of the
area available for the electrode circuitry relating to a specific embodiment targeted
to particle counting;

FIG. 21 shows an embodiment of an integrated optical sensor;

FIG. 22 shows an embodiment of an integrated capacitive sensor,



FIG 20 sketches a special electrode |ayout which allows for optimzation
of the area available for the electrode circuitry relating to a specific
enbodi ment targeted to particle counting; FIG 21 shows an enbodi nent of
an integrated optical sensor; FIG 22 shows an enbodi nent of an integrated
capacitive sensor; -9 FIG 23 shows an enbodi nent of an integrated
capacitive sensor; DETAILED DESCRLPTI ON The features and advantages of the
invention will be clearer fromtheé description of enbodinents illustrated
by exanples in what follows. It is to be understood that exanples used
herein arg.f ur pose ,of.. de L.bi ke nmbodi nent .,

Di el ect ro@%%étsﬁ%vsga eé‘?]tﬁdé ené%é%hrﬂ%rﬁcfg%ﬁg%@%ﬁg%ﬁér e imersed in aliquid
at coordinates (z, y, z), and subject to the ef- fect of spatially

non- unhéﬁ?%gphﬂ%ﬂﬁd&c fields, is subject to a dielectrophoretic

force oSe tinme-averaged value is described by the followng: (F (t))
= 2seoe"” ,r3 {Re (fcnr) V (EgMs)2 + +1 f EZ VN. + EV W + E=0V ) )
(1) wh&Fhe fegures avé}édva @rﬁ(fdh%wé%%twf‘d“%%&c%’t{m’f‘ e desprtion 45 ¢l e radi us,
E-s is the,. root..nmean uar.e | e [ ! 40, Ero, Ezo
are th§”ﬁﬂ°gﬁ%”|%cmf'l éi’ft%dsg’b%m \ci)%elgﬁ v%ft 5‘5%%%%%?%‘? bg ,uglg%t\%ﬂ? F%atVz yx are the

phases Qimblaguaheeteld &ek&:ﬁhﬂp@@aﬂm&mng apeitifddd doshotiheenyel | known
Cl ausi us- Mossotti factor defined as: ep- CMEp + 2e", where eD and

represent the relative conplex permttivity of the particle and of the
suspendi ng nedi umrespectively, defined as: r-4;, =e, ,p is f (eow,
where e is the relative dielectric constant, a is the conductivity, wis
t he andicdectforhpuetic pobential energy :

A dielectric sphere immersed in a liquid at coordinates (z, v, z), and subject to the ef-
fect of spatially non-uniform AC or DC electric fields, is subject to a dislectrophorstic

force F(t) whose time-averaged value is described by the following:

(F(£)) = 2repenrs {Re o)V (Brpes)® + )
+Im{feu] (B2 Vs + B Ve, + E4Ve.)}
where ¢ is the vacuum dielectric constant, v is the particle radius, Epys is the
root mean square value of the electric field, Ego, By, Eqo are the electric field cor-
ponent along axes z, g, 2, while @, are the phases of the electric field component
and fou is the well known Clausius-Mossotti factor defined as:

*
» = m

fou =
€5+ 265,

where ¢ and ¢}, repreéent the relative complex permittivity of the particle and of
the suspending medium respectively, defined as: ¢, , = €m,p ~ 10 /{€w), where ¢ is
the relative dielectric constant, o is the conductivity, w is the angular frequency and

{ is the square root of minus one.



i is the square root of mnus one. to If electric field phases are -
constant, equation (1) may be sinplified to: (F (t)) = 27rfOEmM3Re [fcM V
. (E aAS.)2 (2) where pDEP is defined by Re[ fcM < O while pDEP is defined
by Re[ fcM > 0. For high values of w, where e;M e; + Em Ep pDEP is

est abli shed on a particle whenevagy-em< e, whilst nDEP is established
whenever Em > Ep. Since E, P = e;n p(c:.}), thus fcM= fcj(w) so that
Re[fcM may have different signs for different species of particle at a

gi ven fif gaMeRCHd FhSetBi Qistint COARSIAY 1 R ANBa biatpliie@gency W so that two
di fferent species of particles experience pDEP and pDEP respectively, is

commonl y used as known art for selection purposes. Since the force

described in equation i S consgrvati it 18 possible to ine the
di el ectrophoretic poﬂ%&égﬁlfﬁﬁ&@(ﬁei WYQ(ERMZ r eonr 3Re [fCI\/]ct?;E' "Rrs)2,
where, (F (t)) = _.(r) (W, If the voltage signals applied to el ectrodes
and establishing the electric field are periodic, it can easily be shown

that (\Where n@H EoufndRey [R&H4, F2 ¢ ShilehDEP dx defined poRef/nt] +10at depends
on the shape of the voltage signals applied to electrodes and E is the
nmagniFb dighovalube of ke othidre i, €} d- (ea. g PVEP Is festablighedr en apertidé gnal s and a
= 1/f for sinusoidal signals). Thus, mnima of E2 are also mnima of the
negawheeewdi elect rophdsenDERD i estabhshed svhreveEnpbER, RBCefdM =< 0) as wel |
as - 11 maxima of the positive dielectrophoretic potential .(sSince for pDEP,
Re[ f eA6{w) thys fore = e} 8 £ ey gpd imspt 15 Ff%%eg&s‘ﬁm ffdidereni || be used

as asﬁé’cg'e% ra.])¥ rﬁjar%]:cie arleagg;[rclanvgequency. The method of choosing an angular frequency

w so that two different species of particles experience nDEP and pDEP respectively,
is commonly used as known art for selection purposes.
Since the force described in equation (2) is conservative, it is possible to define

the dielectrophoretic potential energy:
(W) = —2meoemr® Re [fou) (Brus)?,

where,

(Ft)) = -V W),

If the voltage signals applied to electrodes and establishing the electric field are

periodic, it can easily be shown that
(W) = —a2megemr’ Re[fon] E? (3)

where « is a constant that depends on the shape of the voltage signals applied to
electrodes and E is the magnitude of the electric field, (e.g. & = 1 for square-wave
signals and a = 1/v/2 for sinusoidal signals). Thus, minima of £? are also minima

of the negative dielectrophoretic potential (since for aDEP, Reffcu] < 0) as well as



di el ectrophoretic potential”. Furthermore, since E2 is a nonotonic function
-of E, the mnima or maxi ma of E correspond to the mnima or maxima of the
d|electrophoret|c potential function (W. This is very useful since the

| ocation of the dielectrophoretic potential nminim or nmaxi ma can be found
by tine-stationary sinulations of,{he electric field as illustrated by the
figures enclosed. To sunmari ze the above concept, it can be easily
dermonstrated that: any diel ectrophoretic potential cage (containing nDEP

| !
Pl o5 die S L aseTin e R ROl p SR b Bl pDRES el T L1001 el Vet v
fi el 3?% thes «JhFlewgph%%t% b&@hmammh%m&%a%Qtass}reaﬁ}tmdfenég@t@abJ ect to

t he onal where . 'p is the mass density

di ffey I@{ﬁ%@ﬁ&.@(@@&ﬂ}ﬁg@’peﬁdwﬁo@@@m@qumﬁdlmkﬁﬂotamd fgndintdfeE ateel eration

of grav as well as to nDEP, then stable suspension is

achi eyeimacs afimg of Bicofrbsgont)to Théthinirl) orShaximatdiehe dlekrirophdiegbect ri c
constant cannot be greater than unity (e.g. if the particle is a bubble of

ai r i poveitss duhdionalE)., Thib ér ergpseful sxaemdthE"locasm)l of thedieldsrophdretisum val ue of
VE nms required for balancing the gravitational force actl ng on the

par t i pitentédrmiBmeser mariees ciry h&sﬁoﬁgde‘dumeoﬁa%@)arya%mE agpns of 0Bev/ cm) 2/ pm
which is achievable b<|>{GUSI ng st and roel ectroni c.technol o Lgy and/ or

ni cr celeramipfipldrry ilveteriad hudae Dperss ﬁ“ HLUpREife the aboYs EWERYheavy t han

wat er. (Ap,c 1000 Kg/rn3) _can be suspended in water, if the relative
di el déCpR e ﬂgorgpr ?ﬂa }h’édi umis at least 2.2 20.3 tines greater than
that of the particle for typical values of CIE 5. General structure of the

oot ol B R P R e PR RR G E SPRR AL O 028 0
sel ectl VeJaXal%ﬂfzﬁz%?%pLﬁcl&Jeﬁ%y at least one itmaginary clo.sed surface com-

posed of points of the space having constant electric field magnitude.

If the spherical and homogeneous particle is subject to the gravitational force:
4 .3
F, = ger Apg

where Ap is the mass density difference between the particle and the medium
and g is the acceleration of gravity (9.807 m/s?), as well as to nDEP, then stable

suspension is achieved according to:

(F(t)) > F,. (4)

Since the relative dielectric constant cannot be greater than unity (e.g. if the
particle is a bubble of air immersed in water, where ¢, = 1 and en = 81), then the
minimum value of VE2_ required for balancing the gravitational force acting on the
particle can be estimated, by using equation (4), as 1.835 - 103(V/em)? /um which
is achievable by using standard microelectronic technology and/or micro-machining

techniques. Again, particles that are twice as heavy than water (Ap ~ 1000 Kg Jm?)



trodes LIJ (FIG 1 and 2) being disposed upon an insulating substrate 01,
grown on a sem conductor substrate C (FIG 1 and 2). The second -nodul e A2
‘is made up of a single large electrode M2 which is fabricated on a
substrate 02 (FIG 1 and 2) and is opposed to the said array ML. In
between the two nodules a micro=ghanber (L in FIG 1 and 2) is forned, .
containing the particles (BIOin FIG 1) in liquid suspension. Methods for
containing the liquid suspension in the mcro-chanber will be described
later on. The fiy gt u relaSivERGedtfic Sohitaat of ahe onaiimg s @tknown

m crcﬁﬁﬂéec?'fsgg?é:édt lglcﬁ?noIg’oigg;./c,h@doé3 any other suitable substrate Jmat erials, such
as q%gﬁs&z =Siold GafRs Gaxérd@an Rhast the partide famiypicrtvahiealof V B el ect r ode may
be or any size, prefer- ably ranging fromsub-mcron (N U pm to several
mllimeters (m) with 5jimto 100pcm being the preferred size range for

deviges fabric i | fde0- | i thographic techniques, and 100mto 5rnm
for @@W’é S?&%%ﬁ%a#ﬁﬁg%g em cro-machining and/or printed circuit board

(PCB) techniques. The device can _be_ designed to. have as.few u under ten
el ecThodpparatusascoming @sthe poefernd smbpdiRnt CORPTIFS BYLER bR The di s-

t DL bet the t dul, ing .t di ments but
o Fheertanoguit A% (EICoRAEPIBTSGATATHAN L s MR APEI R TR TR & ).
El ectrod b t b ' | ating.| i t
ol cotmars Ly (B1G 30 2 oo fap bt i fmp g et O, bt b B G i
chion Ca o Lot | Lo anc Begats v 1 ons.  Such
cn my Conggé@{)ﬁ@gsaf'a??d%q 124 bprrif sResd hotland Begadd ve ions. Suc

a | afe SHEY*Y er the el ectrodes are conposed of nmateri al

t hat does not I Galk Vol eiaeh iMabRcatb@i@nld gibistrane @ (B8 1 &rel By equency of
si gnﬁﬁﬁ Sl&%ge?lga’f%m%&e gé\%ﬁr odes is hi gh enough -13 to make el ectrol ysis

negl i, g bl S?pdgiedﬂ% Lo saS@HBag VU LA byiwebh ehp twp asslués aiicte-diamibepe
expl ained Tater in greater detail, may be placed underneath each el ectrode.
Ar 1RYin SHEELT asle D) MR Yorhedo tomainisd shreparisirend ¥ iard IChel)éprlidt o be

achi éved, for exanple's sake, an. array ML of S9hars el ectrodes are shown
in tRegspRhsbar Mocﬁrﬂood@:rtemngﬁheﬁpqgld SUSPRAFIPR IR tRe IBCRoy et Wl caction
d elbict;e;c?r?fesd ligg'hois.l ’%‘}Ixengrst module Al is made in silicon, according to known

microelectronic technology, or any other suitable substrate materials, such as glass,

silicon dioxide, plastic, or ceramic materials. An electrode may be of any size, prefer-

ably ranging from sub-micron (~ 0.1pm) to several millimeters (rnm) with 5um to

100m being the preferred size range for devices fabricated using micro-lithographic

techniques, and 100urn to 5mm for devices fabricated using micro-machining and/or

printed circuit board (PCB) techniques. The device can be designed to have as few

as under ten electrodes or as many as thousands or millions of electrodes. The dis-

tance DL between the two modules may vary according to the embodiments but is

preferably in the order of magnitude of the electrode size DE (FIG. 2}.

Electrodes can be coated by an insulating layer (R1 in FIG. 2) to prevent electroi-
ysis due to the interaction of electrodes with the liquid medium,which may contain
a high toncentration of positive and negative ions. Such a layer may be avoided if

either the electrodes are composed of material that does not chemically react with

the liquid medium or the frequency of signals energizing electrodes is high enough



their wwdth and relative di splacenents (DE and DO). In an alternative
enbodi nent, el ectrodes may be of hexagonal shape (as illus- trated in FIG
3), which allows the nunber of ‘el ectrodes to establi-sh a single potenti al
cage to be reduced from9 to 7 (as wll be shown later) and offers a | arger
nunber of possible cage notion digections DIR (from4 to 6). The second
mai N nodul e A2 conprises a single large electrically conductive el ectrode
(M in FIG 1 and 2) which is opposed to the first nodule Al. It also

serves as the upper bqu Of- : { anai ddaeflviich e bepensi on of
part it@|rg§l§e Q?‘P}F@?%T geﬁq’tg%t}ﬂ% fm%nggbg%ea%reﬁﬂ\/}ﬁ’?ﬁ@ggg? nsul ati ng Ilayer (R2 in

ma

FIG 2 lat(igeilo{agérgﬁtér&fter ﬁ%@%‘ﬁﬁyﬁieﬁﬁ%&é@ﬂ YisdeSnaaos esatyelbatvyedea nmechani cal

suppo a preferred enbodi nent, this el ectrode

is a si , ﬁ&_peg 20§ sBepéluddpendinglaasthe effehuso peraghievedig vi sual

i nspect ;&g%\a%o?lgétt e mxé%ﬁgﬁgmgr.@ggspacer A3 (FIG 5) is used to separate

t he t%FegQQgiee@sM aBNgrA2MD JFl sGuareSeledtnodesi b showe drphiesrisie@ed 01, M and
C, while A2 conprises R2, 02, M2) by a given distance (DL.in . FIG 2). The
spacegmBedimehs of BEG UK achitadF bR shawst herossseesiipe of %Jﬁctﬁ%fffﬁﬁmpéﬁsﬁﬁ%r

anal ysis. By applying appropriate tinme- \éﬁ&%l ng signals to different subsets
of el geiroidith and relative displacemapts (FAE @pd and FIG 6) that may contain
one or nore particle BI

_ O._is established uwpon ,on I ode. The
pot ent i dh asagéemative gmpadinant s8R rofks; PAY %gb" vhee"g%og“aérg}r}é@e %ngrffe“rs the val ue
of which depends.on the. signals |} 1,000 sheetinpde size DE
and ptwlB@I%é)vcf{'}“Flhén‘a’Y ﬁr?blgﬁ%gtot/\eggcﬁmt‘%gta%%V\%m%gc?icﬁngése . Bl)? changi ng

t he subset of e] ectrode i Ghy S }S1296:8 23RRfle8a largéy n@Mmbedr nore

pot enfa&] 1o Ry By %115’31 %égdt/ggrvg‘@n%é %@rn(s)-achrzr?ber Lin acdirection

Bonat BhPo e T B e a1 o bt ween <] z6 DE and DO
the bettgg, thenBrQRES Hoasicoh 2 bempeigs & mitghy arge electrically conductive

electrode (M2 in FIG. 1 and 2) which is oppnsed to the first module Al. It also

serves as the upper bound of chamber L containing the liquid suspension of particles.

This electrode may be coated with an insulating layer (R2 in FIG. 2) to protect it

against electrolysis and may have a mechanical support (O2 in FIG. 1 and 2}. In the

preferred embodiment, this electrode is a single, planar surface of conductive glass,

thus permitting visual inspection of the micro-chamber.

A spacer A3 {FIG. 5) is used to separate the two modules (Al and A2 in FIG.
5, in which A1l comprises R1, O1, M1 and C, while A2 comprises R2, 02, M2)
by a given distance (DL in FIG. 2). The spacer may also be used to contain the
sample for manipulation or analysis.

By applying appropriate time-varying signals to different subsets of electrodes, a
potential cage $1 (FIG. 1 and FIG. ) that may contain one or more particle BIO
is established upon one or more electrode. The potential cage is located at some
height above the array plane, the value of which depends on the signals applied,

on the ratio of electrode size DE and pitch DO and on the distance between the

two modules DL. By changing the subset of electrodes to which signals are applied,



" ‘of DEP force strength. Method for establishing potential cages In order to

~establish potential cages on top of a single electrode, a pattern of

‘-voltage signals is applied to corresponding subsets of electrodes. FIG 4
"illustrates a set of electrodes LI-LIL2 in array M, used as a reference
for numerical simulations. Definijpge | if Cos (W +W >0 -1 if Cos (W
+ ~0) <- 0 as a square wave signal having period T, where w = 2?r/T, the

followi ng voltage signals are applied to electrodes V- 1~ 8 VL q Va E 11

- 6. - 121 VL7 V. .A-g P (| VinidrbrchambW L inPa diregliomhere VL, ,
a E 19ne O‘TL?PI%PSWEP@n%IggS glpagl ?é:gﬁtvg@gl}%%dr odes LI-L12, VnR is the voltage
signal _applied.t V, and V, are constant values. Using voltage -15
pattepﬂ?ﬁﬁistci ngiegeactk%geg 0\3/,'e, the electric field phases_are constant, so

t hat equﬁ%}@ fatbnaeRlfseemerdentiet, fdheonstaet vauts ofisival AL Biesergrtel he
electric ftie ﬁ’ magni tude wll be wused to verif¥_ th? establ j shi ng of

di el egid oAl Hetietn Piot DEiald Payethe Ft@r the SHONTUEHE Fles 382 18 YRR uner i cal
simul ation regarding the sane set of electrodes as illustrated in FIG 4
ener ginz kb Yorthsratgtve nenti oned vol tage signal patterns where: DE = 5m
DO=Im DL = 10m V, = 2.5V, W = QOV. Water is chosen as the liquid
medi um bet ween the nodules Al and A2, with e. = 81. R2 is negligible and

Rl = %&g@& 18} Qbtdblishisg potehtied cagd8D environnment containing a cl osed
surface ose points are characterized by having a constant electric field

?2? " h‘g‘;ﬁdéﬂo o oG o2htidf ¢ 220%h €B of Dl Q¥@RdeDY phttetyief Gfliaguat i on

signals is applied to corresponding subsets of electrodes. FIG. 4 illustrates a sef of

electrodes L1-L12 in array M1, used as a reference for numerical simulations.

Defining:

1 if cos{wt+w)>0

Vig (wt, ) =
? —1 ifcos(wt+ ) <0

as a square wave signal having period T, where w = 2 /T, the following voltage

signals are applied to electrodes:

v}..amve'vsq(Wtf ©) Va€{1—6,8~—12}
VL? = Ve ¢ 1Vsq (Ldtv @+ ﬂ)

Ve = Ve- Vsq (wt: ©+ 7!)

where Vi, 2 € {1 —12} are signals applied to electrodes L1-L12, Vo is the

voltage signal applied to M2, and V, and V, are constant values. Using voltage



the di el ectrophoretic equipotential surface is |ikew se closed, hence a
potential cage is established on top of U Thus, a pattern of only two
signals, having the same frequency and counter-phase relationship, is
needed to establish a mninumof the dielectrophoretic potential function
on top of U Fromsinulation it alltBe energes that by increasing W E
[-2.5, 2.51 V the dielectrophoretic forces of the cage increase, while the
cage hei ght decreases with respect to the array plane. In the preferred
e”bosja@ﬁ%s 2d Thdnhitehabsieatie @bacicrfettephages amlﬁgﬁﬁ; sq FRat BONAHEM nunber of
array electrodes for establishing a single dLeI%ﬁLrophor tiq otenti al
cage’ (pp afpkds? Hefce, lthe nhericalGimutntions pf éhe dgctrigfield,magpiiade whge it a
hexagonal array of electrodes is enployed, as,illustrated in FIG 3, the

M ni mssd novbefy e atablihisk of diderbeophareticRAteal SABRy a singl e

o est aBTBS pumentiateosagdss bl BRSO et b o B S o odes. &

ol ectaenenstes arntrstmiet GuETena SRR oLy E R e e To
e SRS AT B sy Sl e Ve
P nt 8 S g M e B e e A o o whor s the
L e R e D s Conbrnation wID (ne.
Previ QUs,ceM8urfaddwhb peach irerchapadtedzegtehatiag acagest relectpe %Ha]rmed

direction. Mre specifically, by repeatedly changi t he ts of
el ect ppgaRutie (Shie mﬂnapaas@\éhmc’gbﬁtwv%hé% Eirtg @Qf‘gl“%p‘a? Z%égﬁéct ively
applied, in particular by alternating and. shifti the t .

i the dielect?rophoretic equip%tential surface 9 1 0Wisa closed, Wned'§ potbhtial cage

is established on top of L7. Thus, a pattern of only two signals, having the same
frequency and counter-phase relationship, is needed to establish a minimum of the
dielectrophoretic potential function on top of L7. From simulation it also emerges
that by increasing V; € [~2.5, 2.5]V the dielectrophoretic forces of the cage increase,
while the cage height decreases with respect o the array plane. In the preferred
embodiment, in which square electrodes are employed, the minimum number of array
electrodes for establishing a single dielectrophoretic potential cage is 9 (L2-1L4, L6-
18, L10-L12 in FIG. 4). On the other hand, if a hexagonal array of electrodes
is employed, as illustrated in FIG. 3, the minimum number of array electrodes for
establishing a single dielectrophoretic potential cage is 7, such as electrodes E1-E7.

In order to establish potential cages at a mid point on top of two electrodes, 2
different pattern of voltage signals is applied to corresponding subsets of electrodes.
FIG. 7 shows the result obtained when the stimuli applied to the electrodes are as

follows:

Vie =V, Vg (wt, @) Vae {1-58-12}



patterns described in a given direction, it is possible to nove the
potential cage in that direction: As an exanple, FIG 8-sketches three- -
plots where the potential cage is nmoved froma position on top of L7 to
anot her position on top of L6: the first at tine Tl., the second at T2 and
the third at T3. In each plot theyphase of electrodes LS5, L6, L7, L8 is
reported, showi ng the noving-cage principle. Wth increasing tinme, the
el ectrode with phase cp + it shifts along a decreasing X direction in two
steps: at T2 electrode L6 is connected to a signal having phase co + ar
which is the sanme as L7 and then, at tinme step T3, the phase of L7 is
reversed. Cbviously, the tine interval between sw tching phases should be
carefully chosen according to systemcharacteristics: force intensity,
flui d medi um vi scosi ty, VgartWcl=e e 5Y; ﬂé” AT 7ﬂ For this purpose it may be
useful to enpl oy enbedded sensors to detect the presence/absence of one or
nore particles in each position so that the tinme distance -17 can be
adj usted according to sensor data. To illustrate the capability of the
invention to nove cl osed diel ectrophoretic cages, FIG 9 and 10 show 2-D
simul ati ons of the el ectrig, & €l-d/ gt wi-badion al ong a cross section of
the device. Wen the voltages applied to electrodes P1, P2 and P3, and the
lid electrode M are: VF, | . Vsq (mt, (P) VaeE{1, 3} Vp2 = Ve - Vsq
(W, cp ids) r % HMimgkowk = 0, the
&e@ @i%}}e‘ %h?}i %{T;‘amglgeg‘t; ISI thte\é/ame arS be\ﬂﬂ'@ SB 1MTIG %é-

resultlﬁ ion is as shown in Fl 9, in which the

dar ker l:oe‘?ﬁt iﬁcse W Hgs%rbcﬁ'ﬁlsg%ﬁ’re £ k@&sttﬁﬁtcelgétﬂccﬁdl@@mehgﬂﬁ at 400V emt he

bri ght &% nean electric-field magnitude. FIG 11 shows a

pl ot ) hefevehaoahs@brtiep vatiemid poine bgteetinesiectoddes i squar e
electgigeﬁggcdﬁ%%gnrtd%e taken along a horizontal cross section of the

plot of41Fl G 9 passing through the center of the cage (4.3m above the
array surface) Thi s
This last pattern of voltage signals, in combination with the previous one, can
be used for moving potential cages in a programmed direction. More specifically, by
repeatedly changing the subsets of electrodes to which in-phase and counter-phase
signals are respectively applied, in particular by alternating and shifting the two
patterns described in a given direction, it is possible to move the potential cage in
that direction. As an example, FIG. 8 sketches three plots where the potential cage
is moved from a position on top of L7 to another position on top of L6: the first at
time T1, the second at T2 and the third at T3. In each plot the phase of electrodes
L5, L6, L7, L8 is reported, showing the moving-cage principle. With increasing
time, the electrode with phase ¢ + 7 shifts along a decreasing X direction in two
steps: at T2 electrode L6 is connected to a signal having phase ¢ + 7 which is the
same as L7 and then, at time step T3, the phase of L7 is reversed.
Obviously, the time interval between switching phases should be carefully chosen
according to system characteristics: force intensity, fluid medium viscosity, particle

size, etc.. For this purpose it may be useful to employ embedded sensors to detect the

presence/absence of one or more particles in each position so that the time distance



kind of plot is very useful since the values of the plots are directly
proportional to the dielectrophoretic force, fromwhich one can pinpoint
the location of the mnimum dielectrophoretic potential (where

di el ectrophoretic forces are equal to zero). FIG 12 shows a simlar plot
taken along a vertical cross sectipn of the plot of FIG 9 including the
center of the potential cage for different values of i ranging from +2.5V
to -0.5V. In order to establish a dielectrophoretic potential cage in the
regi qn ) i efuween P2 and P3, the follow ng voltages can
be appt i%gglﬁﬁfsﬁ%?a@gﬁﬁgg%%\?gq (W, <P) VF2=VP3= Ve-VsgPt:(0 ) VM = \c -
Vsq Gy itfuRtrdte the WRSHHSlith-of tife RwvbMianth iWovecided dielecivphemdiglcgess shown in
FIG 10 ere S4 is the region in which the potential cage is |ocated.

FI G & 3hews 108 shhet2-Df sihiatabsalf the eleatrirefidd disiebybianiadns 3C1¢he square
electric field magnitude, along a horizontal é%@?sviﬁfti9§ of %he plot in
FI G sd@idmel thdidegice hW heodhe voliages 2palisd tagleciegesoh 1yd 2 and Payanty o hej ght
of the cage center fromthe array surface is 4.3m The presence of two

val uehe hidtdieayroaldiMi@targéqual to zero in FIG 13 is due to a maxi mumon top
of electrode Pi and to a mninmnumlocated in the region above the md point
between P2 and P3. A given particle subject to such a dielectrophoretic
force field woul d fing,a-syahle(egu)l i baen{iodjnt at the aforesaid mininum
and an unstabl e equiligriun1p0|nt at the aforesaid maximum FIG 14 shows
a simlar plot taken along a vertical cross section of the plot of FIG 10
passing through the cage center, in the case of 1 =1.W To sumari ze, the
establishing of dielectrophoretic potential cages, as disclosed by the
present invention, can beachLgve L a pattern of as few as two
volt- age signal having tﬁ%msaﬁg F%éﬁgﬁggﬂgnd count er - phase rel ati onshi p.
Furt her nore,

Vs = Vo - Vi (Wi, @ + )

where, V. = 2.5V and V, = 0, the resulting electric-field distribution is as shown
in FIG. 9, in which the darker regions S3 mean a lower electric-field magnitude,
while the brighter regions mean a higher electric-field magnitude.

FIG. 11 shows a plot (in log scale) of the absolute value of the gradient of the
square electric field magnitude, taken along a horizontal cross section of the plot of
FIG. 9 passing through the center of the cage (4.3um above the array surface). This
kind of plot is very useful since the values of the plots are directly proportional to the
dielectrophoretic force, from which one can pinpoint the location of the minimum
dielectrophoretic potential {where dielectrophoretic forces are equal to zero). FIG.
12 shows 2 similar plot taken along a vertical cross section of the plot of FIG. 9
including the center of the potential cage for different values of V,, ranging from
+2.5V to -0.5V.

In order to establish a dielectrophoretic potential cage in the région above the

mid point between P2 and P3, the following voltages can be applied:



novenent of such cages along a guide path parallel to the array surface can
~be achieved by sinply selecting convenient patterns of subsets of

el ectrodes to which -19 apply the two -above nentioned signals at different
tinme steps. The el ectrode voltage wavefornms nmay either cone fromon-chip
oscillators or fromexternal generggors. Preferred enbodi ment: integration
on sem conduct or substrate A schematic diagramof the first nodule Al in
the preferred enbodinent is illus- trated in FIG 15. A silicon substrate
enbeds an array M3 of micro-locations EIJ that are independently addressed
by proper addressing circuits, DX e DY, by neans of a nunber of electrical
communi cati on channels running along vertical |ines YJ and horizontal
lines XI. The nodul e comuni cates with external signals XYN by nmeans of an
interface circuit 10, which Vi £ Yooltuiii cat es by neans of connection CX
and CY with addressing circuits DX e DY, and by neans of a set of
connections CS controls the waveform generati on and sensor readout circuit
DS for delivering the signal to be applied to the mcro-locations EIJ and
for collecting signals from the sensors in the mcro-|ocations by nmeans of
connections FS. The appam@§u5v$§=fmpﬁﬁghue¢-hhﬁh a nunber of fluidic
communi cation channels FMwith the external neans IS for the managenent of
| i qui d suspension nedium containing the particles. Various instrunents can
be used for interfacing to the device SS by neans of electri- cal

comuni cati on channel s XYN such as: conputer, external waveform generators,
anal yzers etc. (M6in FIG #ZQ::%?Q@QM»ﬂQﬁ@%)Of fluidic dynam c channel s,
such as mcro-punps IS and %y means of optical channels OC such as

m croscope, canera, etc. MS. In the preferred enbodi nent each

m cro-location ED (FIG 16) conprises at, |east one l4J;ct 0 be
ener gi zedwbsyfetﬂi'e=él(-5§rétaﬂlﬂc‘él)=s]i-g€al ?,?!eare%#? Bt oy ?ﬁ%‘ef%ﬁ‘g%?er ?&*&%i gnal

managenment MJ (FI G 16) and@z sensgr a%!acf to detect the pres- encel/ absence
of par ttheregiomin waishdhe PEFHVRLLFE® B42H 01 t hese bl ocks may comuni cate

FIG. 13 shows a plot of the absolute value of the gradient of the square electric
field magnitude, along a horizontal cross section of the plot in FIG. 10 including the
cage center, in the case of V. = 1.5V; the height of the cage center from the array
surface is 4.3pm. The presence of two values with gradient equal to zero in FIG.
13 is due to a maximum on top of electrode P1 and to a minimum located in the
region above the mid point between P2 and P3. A given particle subject to such
a dielecirophoretic force field would find a stable equilibrium point at the aforesaid

minimum and an unstable equilibrium point at the aforesald maximum. FIG. 14

shows a similar plot taken along a vertical cross section of the plot of FIG. 10 passing

through the cage center, in the case of ¥, = 1.5V.

To summarize, the establishing of dielectrophoretic potential cages, as disclosed
by the present invention, can be achieved by using a pattern of as few as two volt-
age signal having the same frequency and counter-phase relationship. Furthermore,

- movement of such cages along a guide path parallel to the array surface can be

achieved by simply selecting convenient patterns of subsets of electrodes to which



with others inside the sanme el enent by neans of |ocal connections Cl, C2,
C3. Moreover the circuit for el ectrode signal managenment (MJ FIG 16) can
communi 20 sate with external circuits by means of global connections Xl
and YJ. The circuit MJ may contain switches and nenory el enents suitable
for selecting and storing the routitng of pattern signals to el ectrode LIJ.
Since two voltage signal patterns are sufficient for establishing and
novi ng di el ectrophoretic potential cages, as ex- plained in the previous

secti og l?rkﬁe &k 6 G b5R thentiBHIR Ygnakaatsdiffsreatititiecitepy The dettarde woitage whet her
t he eleg? ode w Il be connected to the in-phase or to the counter-phase

si gnal wal&oand hﬁijyze@thteh@orﬁ@m ar-ahipabdcd]atomrdrdousn eikferezlegenemtengement s of
LIJ, SIJ and MJ are possible: for exanple LIJ may entirely overlap MJ
and partially cover SIJ or sinply be placed beside SIJ according to the

mi cr oelaekl oniiG, 156 ANALAEY iftdkestioR BEseiasndheioaciutistitec. of the present
i nvention considered to be unique from prior art dielectrophoretic

devi , ists init bilit i nt t t b te both
tlep AR NIRRT AR 2 e
Sencor dratad in SHGwAST A Bliegh wipeirsl gRedit ey MY GnfiGTRagR eIt corated
i | tati f j i e t det ect
R R A R S R i A i
transpat.ent ao?ag oﬁ%&gﬁ%lic\é i&{ti@H chafindts PERVLE alAR vBRi@PRAGIY Orintihe

el ectré}é%nuﬁ e slze o I's negligible for nodifying the

di el ecty OpRRLEtLG RPVEH halule¥bmuhaigReSRNHER droaRemild XY Niyfhedsnt  anount
of radiation to Inpinge onto the sub- strate_, Underneath LIS a

phot o- j gt infurfaelkirveit KONgrhich Bonirhrwousudratss by agens wbdentestipedFXzed into
substrate C according to known art. The presence/ absence of the biological
el ementan@l OYletitr addressingharansubiX efD¥prnddly Bxaryyf # seichf FRANEAEONS
PE? fa?dl((_")JgCéongr%lljssghggwgfegogglngeene(r)z];tiocnhggg esez%%% lf‘gzy 0%& ec?rcgictrlggsfo%e i\gelélrnlgng the
the signal to be applied to the micro-locations E1J and for collecting signals from
the sensors in the micro-locations by means of connections FS. The apparatus is
connected with a number of fluidic communication channels FM with the external
means IS for the management of liquid suspension medium containing the particles.
Various instrumnents can be used for interfacing to the device S8 by means of electri-
cal communication channels X'YN such as: computer, external waveform generators,
analyzers etc. (WS in FIG. 17), and by means of fluidic dynamic channels, such as
micro-pumps IS and by means of optical channels OC such as microscope, cainera,
etc. MS.
In the preferred embodiment each micro-location EIJ (FIG. 16) comprises at
least one electrode LIJ to be energized by the electrical signals, a circuit for the
electrode signal management MIJ (FIG. 16) and a sensor SIJ to detect the pres-
ence/absence of particles on top of each cell. Each of these blocks may communicate

with others inside the same element by means of local connections C1, C2, C3.

Moreover the circuit for electrode signal management (MIJ FIG. 16) can communi-



gration tinme. This variation is detected by a conventional charge anplifier
CHA conposed of an anplifier OPA a feedback capacitor CR and a reference
voltage source VR E. The. connection to this charge anplifier is
established.by enabling a switch SW after switch SW2 has been opened,
thus permitting the accunulated - 21 charge to be integrated onto CR The
phot odi ode and charge anplifier arg . designed, according to known art, to
obtain a signal to noise ratio sufficient to detect the presence/ absence
of the biological particle. As an exanple, with reference to a structure

with the di %Sgﬁ.@mi n?l RLEME B Sle¥ndlGiSotiab eshnb@tons DiTLAuet Y 3riThe cianidt assuni ng a
&g AOT

0, 7[tm ogy, we may consider a photodiode of I x 2Kmin the

subst r atgp# E}Qgrcoﬁtla&a aliekity ndemendorlelenienty sutiebls forialecting 35 &Gt o

according to known art, a variation qf .10% of th arti spar ency
with raespeaitingoof tiiattern signals %@F‘ﬁ%ﬁdéﬁf{‘]bgmf’%\g@a@&ao es?fgﬁ'éi ﬁ?\%gerggati on tines
larger than 3 ~ts, in anpther .enbodi HORAE IfoliBaS &8s, NG dxs used as
sket chedr¢ guffirient fop esiab Sg‘élﬁtaﬁgem%vi‘%ﬂg@@%lm appl iprgde to the lid M2 induces a

variation .in,the electri el eidekonbetaneri nivBnsaindufitidut fhéeteror r espondi ng
capaci té?ri‘é’ﬁe%ﬁ‘rﬁﬁtqr%g&{égg“{ge' det ect ed by a charge anplifier CRA simlar to

the case,of whRller Ble SRRSUOGIl Yertomieded 28 therintphase of ke FherreRRSE-PiRse of

capacitive sensing is sketched, usingt el ectrodes, FRI R2 copl anar
to el emesignal.| To opsinuizk tiegmassi @’ﬁé@bigl"@%ﬁg&%ﬂ“ APTRnEIRETE (grrlél?{?%égl det er ni nes

a variation in the fringing el I L MOE TR cotdre

i nt er posind MAJI gFe 1sEPI8YIE “Hﬁle:';fejr’]?gyl?gng?%lﬂm{%hgp r egi ogqgffggtcgd by this

el ectri céﬂé{lsgmq?%gggc@d Ridk 8%1 ARoidiglth eheonpmeletantetcdaldegybeleneen FRI and
i

FR2, Thi atron'Is detected by a charge anplifier CHA sipilar to the
previ ous S@pﬁéd&lﬁaﬁ@ﬁmutﬁ hﬁt}&lm@{ento@g@lﬂpﬂpﬂ%@ﬁ&l‘qﬂp@ %&nlslée A ted if the
be. undopsbmsd délertronbireit Here-br@ndre shae abve oter Bt S8 &R i nci pl es
ey be substrate both actuators, for biological particle manipulation, and sensors for detec-
tion of particles. Some indicative but not exclusive cxamples of integrated sensors
are shown in FIG. 21, 22 and 23.

FIG. 21 sketches an implementation of a sensing scheme using an &pi‘.ical sensor
to detect the presence/absence of a biclogical particle BIO. If the lid A is made of
transparent and conductive material, 2 window WI can be ppened on the electrode
L1J. The size of WI is negligible for modifying the dielectrophoretic potgntial but
Jarge enough to permit a sufficient amount of radiation to impinge onto the sub-
strate.” Underneath LIJ a photo-junction CPH working in continuous or storage
mode is realized into substrate C according to known art. The presence/ absence of
the biological element BIO determines the amount of optical energy reaching the
photodiode, causing a change of charge accumulated across CPH during the inte-
gration time. This variation is detected by a conventional charge amplifier CHA
composed of an amplifier OPA, a feedback capacitor CR and a reference voltage

source VRE. The. connection to this charge amplifier is established by enabling a

switch SW1 after switch SW2 has been opened, thus permitting the accumulated



used in the sanme device to enhance selectivity. As an exanple, different
particles having the sanme transmssivity but a different dielectric
constant, or having the sanme dielectit constant and different
transmttivity may be discerned, by using a conbination of capacitive and
optical sensors. An outstanding feature believed to be characteristic of
the present invention is the -22 possibility to isolate single

m croorgani sms of a size within the mcron or sub-mcron range, and to do
0 on a |ar 9¢, nrue e 9 teérta}? onﬂor@lge‘iihé E@Jt&ﬁoﬁg aﬂé chdr %lgﬁpla%ﬂ whi ch can
be isol ated WI?'fg shrf nk owng th vances 1 n standard m croel ectronic
fabrication tdemgmd,l @gordisg td hlolwnrae Wftbhmt meigerhtd prdervatio yuffigiRat 1 ni mum f eat ure

S! zes t hat ract erl SGIS:CG Of tﬁlQ%lOﬁO%g}Fll 84['9(9%/ AJ Qg%g&r{gﬂé leB'lhe SI ze Of t he

di el ect rophor d’[r%sﬁlfce enough, re than one
particle of aregire)i@:rto Slsﬂfﬁ:tzfmyntﬁ)&xeﬁmmn@d premusibedesctribai foagmulatignsor der to

better understand this feature of the device on can c i t he
di stri buti on % apseungiad) By ¢ ¥GTJPpe %gypﬁ‘fg‘f‘i)ff’qéi‘fsl (ﬂl—“i)t&? %@qqeﬁ ong a

hori zont al C3, 00 3 8 %Lbs@.‘aze%ﬁér' tﬂQ elbdiofd Hhalyhige aRNigEl Of ndideatiage, as
est abli shed by the nmethod disclosed, which has the typical behavior shown

in FIG 18 whescadingdo kesswl ariexyariation &pi0ds einthe pracls REPrSSf Vithe cage
pot ent i al al ongodif AE ARk Lt S ok Pl SIodRESs DR (Wi o L he

particle radiu ate then only one of the particles of the

nei ghbor hood md.I1 find roomin the cage, so that if the cage is already
occupied by a particle, an outward net force is exerted on other candi date
particles, thus noving excess particles into either enpty nei ghborhood
cages or | at emadnothes afidtdintest, damtigednsidgoisanat @i dkettied im@é@sm 1A particles.

It is to be noted that if theaovelﬁgeratlon needs c? &)Iledto al |

particles of voleesusgl G pplied,q s g H@H‘éeff‘)fa‘g"r%ﬁlmdth%ge er than the

cage density. gfReoctlhh M LRPDLS etk GofidPndiis ZRpdcBarke vadidfio ican bed by the area
dedicated to the <circuitry of each electrode, which in turn depends on the

t echnol ogy addqiected by TehargnasoliBerd Hoh sianilpr taihe casg ofpntieal sENPE el ect r ode

arrangenent may be used, as disclosed in

In FIG. 23 another implementation of capacitive sensing is sketched, using two
electrodes FR1 and FR2 coplanar to element LIJ. A voltage signal S1G applied
to the element FR1 determines a variation in the fringing electric field ELE
towards FR2. The interposition of biological element BIO in the region affected
by this electric field causes a variation in the capacitance value between FR1 and
FR2. This variation is detected by a charge amplifier CHA similar to the
previous sensing schemes. The electrodes FR1 and FR2 may be omitted if the
elements LIJ of the adjacent locations are used in their place. It is to be
understood that more than one of the above described sensing principles may be
used in the same device to enhance selectivity. As an example, different particles
having the same transmissivity but a different dielectric constant, or having the
same dielectric constant and different transmittivity may be discemed, by using a

combination of capacitive and optical sensors.

An outstanding feature believed to be characteristic of the present invention is the



what follows, in which alternative el ectrode topol ogi es are enpl oyed that
are less flexible but nore.-optimzed with respect to potential cage size
and targeted to appli- cations requiring greater sensitivity such as

sub-m cron m croorgani sm mani pul ati on and counting. For applications
requiring potential cages snmaller tpan the area needed by el ectrode
circuitry, alternative enbodi nents may be enployed in order to achieve
better area optim zation. -23 As an exanple, in order to increase the area

avai | abl,e;fi0ty & &6t fiyglPid@¥rganidms o of @RSk iphi@, thy Shio@n! dresubanierad r angenent
of elecCtrodes, to connect an electrode LN (FIG 19) out of a cluster of
four Llagge, anflitsedb ¥obt agergd gmabepaf tierm ipHend thexsinpbfntioropkganism phase
one). Fromnow on, we will refer to electrodes of type LN as .

" non- prageincambt sokitet wilbstestk Hilowmg thepdeanredin sendyid wmirsaelaetdect he
various voltage signal patterns but are tied to a fixed one. The above
enbodi Hebricahias tethmologhess iIndine wigh she shainking i thg mipgnwgiEarefizgotieht i al

o anganeheARURE RLRES aPReodnoreds A7hece oh B BB BePPRTTERP UL o 1 he

fact that MJ d SIJ bl ock t L npl | - apnmbl

el act r GABR TSRS b B oR O RAr OB PETASDRY LR PO B RO 2 BAE st he
et r 68EL SR At P08 ek <Brorts

i sof odbropfe o 43geo B Bhdsha 8 ERRCSEHR 0RO BRI Yo"t o

one. di TR0%; ey abR1Y (B iiBedpIdiSrdlhordftlll Pe(rel 118) Shud B Woriflal desi gned
y

for sensrng the presence and possib the type of particles, are arranged

al ong QRgssCRLYEM pSEingOihrRQSO T cdn@ert dfethal dagyyesd axpitilivhedl by ebhkimethotllsi ng
proper signals, potential cages are regularly established al ong rows and
nmoved ali@iped | RRich biad ehepaipial Dehavioroshgivaut Rife 180 ere 8¢ locw! enaxiwhanber CB
designed to contain the particles whose nunber (and possibly type) has

al r eadyrepeemtdit dotdets of tBemege potential dpredireGivg X Hrige velptive dist@ifiede pat hs
are not_used, non programmable el ectrodes LN ?re fIP?J plaqpedeP save
area aviaPliatswicefthe pagidle @d#‘&ﬁﬁtqﬂﬁ?e ipglpted; theponty one of the particles of the

neighborhood will find room in the cage, so that if the cage is already occupied by
a particle, an outward net force is exerted on other candidate particles, thus moving
excess particles into either empty neighborhood cages or lateral reservoirs designed
to contain the overspill particles. It is to be noted that if the above operation needs
to be applied to all particles of the sample, the particle density should be smaller
than the cage density.

The dielectrophoretic cage size is solely limited by the area dedicated to the
circuitry of each electrode, which in turn depends on the technology adopted. To
overcome this limit, a different electrode arrangement may be used, as disclosed in
what follows, in which alternative electrode topologies are employed that are less
flexible but more optimized with respect to potential cage size and targeted to appli-
cations requiring greater sensitivity such as sub-micron microorganism manipulation
and counting. For applications requiring potential cages smaller than the area needed

by electrode circuitry, alternative embodiments may be employed in order to achieve

better area optimization.



area available for cell circuitry and for sensors is optim zed since only
one electrode in tw needs:to be programmed, and only cells SI need to -
integrate a sensor. The nmain shortcomng of this last alternative

enbodi ment as conpared to the preferred one resides in the |onger tine
required for detecting the particleg.in the sanple, since it depends on
the nunber of row cells that particles nmust step through before reaching
the sensors. On the other hand, the latter alternative enbodi nent can

achi eve 3gal] g %@n?_liggelf'ﬁ@er ENHS SQUTEhL N3 TR ¢ MAH LLELIES: by Zhognot her

approach accor Fesent fnvent on i's th nd the

numbery, of DRI Clshsy SHBLAARE geﬁa%ﬁ@bbleeceage SoZ@n¥ct akidhaiaidant age of
sensors whose" output is proportional to the nunber of particles contained

into o agEc. 1) 8 #0atdhisterTet hag, LEa@ea Sixee woRge tinah@acketo (R set to
m ni mum since the total nunber of particles can be estimted by summ ng

t he nuwxasiplofo thamphaseant). Fage, novevenwe fwill irefet he eleatrbdes cotypailiNa
plurality of particles. The main drawback of this approach is that the
out putasdhonpeogemsmbie ¢lsculelss Gsiade theydwpanubeaiiicad ameng tibesrioust
particles, regardl ess of thelr typ so th their pe.cannot be det ect ed.
Once tvelagamsral pasterAs &nt ate Hitd 40 pHixedeniec baUD &ﬁé’ ogimentikas thvent s

k to th th di skill th t ; i
o AR ohi T, %ﬁaahaqf R e eht PG Yo R OD8 G e B Benant & -
i r k f th h f

m cr odp Barir iR B daffe by FRGRRRAtt, P tkg’”%%veag.tas”g‘%rffhuﬁe?'
possi b r@a c&or LR Qﬁe%%e@fa%mhenﬁﬁsbam )] %@Acks %’é FRSE SnplRi@nldd8n

di el ec eti1c potential cages and nove themin [onger or shorter paths

arounthQ&Odeyhggbkznem@@gpg§ed devi ce has the novel feature of nmoving the
particles in suspension within the liquid instead of noving the Iiquid

itsel f, wthdsher aRdHGItvG chivedirad Wideh 6otipdrexphiig tbx penkod/ eorfshrinBings
procedures, enabling selected bodies to accunulate in proper sites or
chanbeamnge aize ap teverienngof deyvigaitdxildligsisfdignesed an fdGs 20e &m bhfs logsef hect i on and
collision, During the nodes of operation described so

direction of motion is reduced to one dimension, along guide paths DR, and the cells

SI (F1G. 20), designed for sensing the presence and possibly the type of particles, are

arranged along one column SC, orthogenal to the allowed motion direction. Using

proper signals, potential cages are regularly established along rows and moved along

the guide paths DR throughout the column SC into a chamber CB designed to

contain the particles whose number {and possibly type) has already been detected.

Since motion directions along vertical guide paths are not used, non programmable

electrodes LIN are floor planned to save area available for cell circuitry. Hence, the

area available for cell circuitry and for sensors is optimized since only one electrode

in two needs to be programmed, and only cells SI need to integrate a sensor. The

main shortcoming of this last alternative embodiment as compared to the preferred

one resides in the longer time required for detecting the particles in the sample,

since it depends on the number of row cells that particles must step through before

reaching the sensors. On the other hand, the latter alternative embodiment can

achieve smaller cage size, thus counting smaller particles.



far, the enbedded sensors can nonitor the presence of particles, thus
providing for adaptive control of the device and its functionality in a
f eedback | oop. One inportant operation the device can performis to
characterize a sanple of particulate and solubilized matter by differences
in the physical properties of eithenp. the population or its conponents.
This can be achieved by using the feature of guided cages, the nobility
and strength of which depend on the physical proper- ties and norphol ogy of
~ the biol ggigal ' Chvaftich Bethateif gRtimainlgarhiezabi l ity
and condgg?ﬁ‘\%irta@%ﬁ%c%gem{a%?\g}g%@??ecs)%tspeci es to species. thh its unique

feature of. i d}%’é{ti@gs ispdapefianfcasibenRatsizafbyotuking adwmsagpef sénsbess t r apped
in potential cages al ong guide paths, the device nay easily be aIglrogram'red

to achjgye sRNEl &l plopsksonak t@thd ausbpachpatvie dontrined intocr 628egaldi sm from
a mxture of species by using their physical, dielectric and con%tcj)cti ve

Pr oper i4i@s thidnnithed, pegsiitd doeppiti neeti wnbotet e TpRBPHE eI Geticckitonsi st s of
maki ng two or nore mcroorgani snms collide by first héhaq%glng he objects in
di f f er gtbaragdgmracs carche pabunaigd thyempRgtEe nRDeE g ELFROCEEP t he
device. As an exanple of the wide r e, of applicatiqn affeor -by the
devi ceevaudbithi¢ e faptert %tﬁpeasé‘mfaﬁltﬁvénn%r&‘ﬁl,esv eoi?émhlgféf“é aec%toqerr%tl%ods f or
mani pul ating particles are . hereinafter .disclo lhid Sn 8RY hskheged t hat

al ter nwlﬁoﬁgl i Gt e PR G §FAPT R esolgmiﬁéeo %e?%g(eir?%lﬂdgl\l/i ce and nmethod
may be adopted, th n L 1.nvent i iR defdme el dbtbdied at t ached

cl ai ns?fa%rﬁ‘ﬁﬁafy{eg?%l‘%g ol??ﬁ éfn!(‘}g)§= ?ig%&btg?lh %%t erial's and di mensi ons may be
vari ed according to the user or device application requirenents. Method
for separating particles of different types by difference in dielec-

t r ophor etd f.of ¥eGEshIt id Mis@ssdiRe thbalevichebs anaie and inbEudewiclnwtrnber

contains a mxture of particles of at least two different types which are

subj ect, tisRaGAk iof@inary skill in the art such as micro-pump syringes etc., n fully
automated or manual mode depending on user requirements -it is possible to work
at the frequency with which one or more species of microorganisms are subject to
negative dielectrophoresis; thus it is possible to trap the aforemeptioned biological
objects into the dielectrophoretic potential cages and move them in longer or shorter
paths around the device. The proposed device has the novel feature of moving the
particles in suspension within the liquid instead of moving the liquid itself, thus
reducing the need for complex and expensive fluidics procedures, enabling selected
bodies to accumulate in proper sites or chambers and preventing the particles from
being stressed by friction and collision. During the modes of operation described so
far, the embedded sensors can monitor the presence of particles, thus providing for
adaptive control of the device and its functionality in a feedback loop.

One important operation the device can perform is to characterize a sample of
particulate and solubilized matter by differences in the physical properties of either
the population or its components. This can be achieved by using the feature of
guided cages, the mobility and strength of which depend on the physical proper-

ties and morphology of the biological matter being analyzed such as size, weight,



di el ectrophoresis and positive dielectrophoresis respectively, at a given
frequency. By energizing the electrodes with periodic signals at that
frequency, potential cages are estabBbshed, into which the particles of the
first type are attracted and fromwhich the particles of the second type
are repelled. Hence by noving the potential cages toward a separate area
of the device only the particle of the first type wll be displaced. That
area may be, for exanple, a separate chanber in the device where particles
of the first -26 type may be further collected, counted, mated wi th ot her
particles etc.. It should be noted that in this case nore than one
particle per mageatiy afcoaddcivigowhidibtill earyvifem spejpatadpedig. parti cl es of
different types by single-particle en- trapnent, type detection and notion
It is assunmed that the sanple in the device chanber contains a m xture of

particles ofwah iseasduet \Waned bf Qﬂ@ﬁﬁg inygpesient| hovieert W tdaeor asseined t hat the
size of the cages is such that on one. pa be tﬁf@ﬁed in each

rticle m
cage, and t haRAT4ssiraperdae PB‘ﬁ“tlabff'g W guifs pﬁb@é‘? ‘?P”éé/@@f 1Y 8hed conpri ses

a sensor abl eph@adiRtEolackibR sb¥Retatis: c Pas tdpshR ohd IARPEthitborgliadm cage, 1f any.
This sensor may, for exanple, be of capacitive and/or optical type. After

establlshnentﬁ@?atW@mﬂ?@fé@?ﬁﬁﬁhdﬁ@%ﬁ%mbﬂﬁéﬁ¥1QF&E%bé§i“Pﬂﬁmvﬁartlcles in

each cage ar ey g5k ml&ﬁéregossﬁ@cspahchu&lagpawtﬁralmdn@evz&aréoh&dt@%f of one type
are noved toward a separate area of the device so that only particles of

that type wi|iakidgetysr esewre imigraotggrisey eallideThyafirsh rappingaiic 9BIES dkpar at e
chanber i n th@ﬁé’r@ﬁé' 8% ﬁﬁh%&h Ra{ tBﬁ&h@tﬁeé@p)é1$E§ncfn%‘i‘¥hl%‘3£w&01\i ect ed,
ach of her

counted, mated wth r wth other particles etc As used
herei n and inmwhamﬂhafﬂ@mﬂmsmM£(ﬁ@mwwﬂmypﬁhﬂgﬁnuhﬂ&h@eg@@ﬁmaﬁo referring to

Char acter I st I &)S Sen? 11')\"@‘,% onb arlgﬂssg}ﬁ]ernﬁtqﬁetd}%gs P(X l’%ﬂ?lltpqg lf?ge@? 1& aré n ot her

terns, two paf ter, erent size, may be
regarded as bﬁmmﬁ@rmgmﬁaLdlfferent types if the sensor enbedded in the
device discrimnates the two. Again, two particles made of different
matter, but which cause the sane

It is envisioned that alternate or equivalent configurations of the present device

and method may be adopted, the general invention being defined in the attached

claims.

Finally, it is intended that both materials and dimensions may be varied according

to the user or device application requirements.

Method for separating particles of different types by difference in dielec-

trophoretic forces

It is assumed that the sample in the device chamber contains a mixture of
particles of at least two different types which are subject to negative
dielectrophoresis and positive dielectrophoresis respectively, at a given
frequency. By cenergizing the electrodes with  periodic signals at  that
frequency, potential cages are established, into which the particles of the
first type are attracted and from which the particles of the sccond type are
repelled. Hence by moving the potential cages toward a separate area of the
device only the particle of the first type will be displaced. That area may

be, for example, a separate chamber in the device where particles of the first



out put of the enbedded sensor, may be regarded as belonging to the sane
type. Method for separating particles of different types by single-particle
en- trapnent, notion, type detection, and notion This nethod is simlar to
- the previous one, except for the fact that the |ocations on which the
cages are first established need npgﬁgonprise a sensor. Thus it is first
necessary to displace particles -by noving cages -toward | ocati ons where a
sensor is 27 able to detect their type, and then further displace the

particles, accordi to.their type, t g di - asyofnduie devi ce.
These éY%%glaﬁgRF g‘éﬂ‘%f 6?11%%3%90§?¥%e6%art§@]910ﬂgﬁﬁggﬂ;&gﬂ@%@%ﬁé }jte&\t’/}} ce where the
particles nmay,,be.furt e Wl gy B difhweach other or with
ot her &&r"toitpc‘ilgéa? l%t“c“.&%é% ﬁ]g# ?%%ﬂ coeu%}iﬁ%ee%grc??%:l eg of a type by
single-type of particles entrap- nment and nunber detection It is assuned

that the sanple in the device,chanmher..contain i nal article,
and t havle fop SEPREHIBE DRFCEHEE ‘ilgééﬁnta%‘%%%g) ib?%ﬁ%‘%giﬁgér iﬂgl es a
sensor which is, able.to.detec unber of particles trapped in that
cage. TRREMERh: B‘ép%gﬁit%‘&é‘aniafn&f‘%%?%ﬁt put response of the sensor is

proportional to the nunber of particles trapped in the cage associ ated.
The t otiglis nunibed thit pharsiglen the ddvicesapiber contains acwimneof BRItICESsi npl y by
summ ng the nunber of particles detected in each cage. Nﬁéﬂod f or. counting
par ti clefstdtastitvoedifenent ypess. by isifwgher pupmed | thab iy si5e ohdhe 48T Fype
detection It is assuned that the sanple.in the devi chanpe nt ai ns one
or nor esuclyphat oply ¢ patgicle mpy q?estr@BnB‘E‘ﬁé’F eads (RSl aPﬁ:"PaP ﬁga% i'i%f%%g t he
cages is such that only one .particle. r i agh Kagef and that
each | ctathsh BiF SA8ET ﬁ¥et ﬁ%ahlé%’gg A Llsggt%a%ﬁfirhgﬁgggrépe??cges aﬁ@ensor abl e
to detect .the presence_ and .t Ofrpt I b€ li6r etdr@fPesk bncddatiiveage, if
any, CoQﬁﬁfiFlﬁgr&%ﬁﬁﬂ%g%tr Q%re’ }gga??i Ehté%&g?&eac ’ ty?)e Dirgn t hus I%e simply
achi eved Dy 65GaR N 1%L SNshAbnCHIRE dicliRtRphbigic Potertispeags, harticle in

particles in each cage are discriminated, and all cages trapping particles of one type

are moved toward a separate area of the device so that only particles of that type will

be present in that area. That area may be a separate chamber in the device where

the particles may be further collected, counted, mated with each other or with other

particles etc.. As used herein and in what follows, the term ‘type’ should be seen as

referring to characteristics which may be discriminated by using sensors. In other

terms, two particles made of the same matter, but of different size, may be regarded

as belonging to different types if the sensor embedded in the device discriminates

the two. Again, two particles made of different matter, but which cause the same

output of the embedded sensor, may be regarded as belonging to the same type.

Method for separating particles of different types by single-particle en-

trapment, motion, type detection, and motion

This method is similar to the previous one, except for the fact that the locations
on which the cages are first established need not comprise a sensor. Thus it is first

necessary to displace particles -by moving cages -toward locations where a sensor is



each cage, if any, and separately sunm ng the nunber of cages trapping
particles of the same type.. -29 Method for counting particles of different
~types by single-particle entrap- nent, notion and type detection This
method is simlar to the previous one, except for the fact that the
| ocations on which the cages are-fifrst established need not to conprise a
sensor. Thus, it is first necessary to displace particles, by noving
cages, toward locations where a sensor is able to detect their type. Then
t he typBleab dupact pasit ikgpee apd ebenfurihertdisplecegide paaticiehencseridigite Hodations is
detected. If other cages whose content has not yet been nonitored are left
over, tye, cogadatifdrhm esssif ihe toet iDrest sTass spivakedon SraROHERHFS  whose
content has not yet been detected to be displaced aboye the sane sensing
| ocat i ohamiFérsdn I‘f»éﬁsﬂiﬂweﬂaﬁf@ﬁ?ﬁP@t‘F@ﬁé‘&y&e fg}‘ﬁf}iq‘ CPH@:t%%rﬂoéﬁ*iEdofnaé? e cages
has been  detected. Counting the nunber of particles of each type can
t her ef gfigh %h&@h?fe‘?fe‘ﬂlthwheéé’ﬁé?gﬁ%@f'sumﬁ ng the nunber of cages trapping
particles of the sanme type. -29 CLAIMS 1. An apparatus for mani pul ating
particles immersed in a fluid, conprising: - a first supbstrate (C); - a
gr oup Meﬁh@ﬂ:tfmnd@snfdbﬂmﬁrtﬁclﬁgféﬁFm%béﬂ%E‘g*%H@%PfW‘%Wfﬁs $%FABd on said
first substrate and a second el ectrode array (M) conprising at | east one
el ect r saent gadnwebendeteed®R ode array facing and bei ng spaced apart from
said first electrode array, said particles and said fluid being placed in
a regi 9pis(aedumeinge en: Sidirle fd theldetice chirabe @htdys astighaiyge stpanitiel ect r ode
array; - neans (DS, DX, DY, MJ) for establishing an electric field having
const anjind tARQAich Ustatioueh witicH drsthgerme iesmbliszadycom miesa sensbaedichSs 1)
| ocated entirely in said fluid, . ) )

able to detect the number of particles trapped in that cage. This can be achieved if

the output response of the sensor is proportional to the number of particles trapped
in the cage associated. The total number of particles in the sample can be counted

quite simply by summing the number of particles detected in each cage.

Method for counting particles of different types by single-particle entrap-

ment and type detection

It is assumed that the sample in the device chamber contains one or more types
of particle. It is further assumed that the size of the cages is such that only one
particle may be trapped in each cage, and that each location on which the cages are
established comprises a sensor able to detect the presence and type of the particle
trapped in that cage, if any. Counting the number of particles of each type can thus
be simply achieved by establishing potential cages, detecting the type of particle in
each cage, if any, and separately summing the number of cages trapping particles of

the same type.



characterized in that said means (DS, DX, DY, MJ) for establishing an -
electrical field conprises neans for applying first periodic signals having
a frequency and a first phase to a first subset of electrodes (L7; E7) of
said first electrode array (M) and to said second el ectrode array (M)
and at | east one other periodic spgnal having said frequency and a second
phase, opposite to said first phase, to at |east one other subset of

el ectrodes (L1-L6, L8-L12; ElI-E6) of said first electrode array, 2.

Appar at us, accor di ng, 4 o cl aiikd of WisRind tpksl byesiogte-phetdcleorriTabPray (M2) is
reali Mﬁb%&go gg%ﬁ%}l&l%strate (02), 3. Apparatus according to claiml,
wher ei n_sali ! ;f&naut,tﬁié’ééﬁc@@n i ncludes sensing neans (SIJ; CPH, CHA,
FRL1, Ifﬁﬁnﬁor ° iec{ecti ng the presence of one or nore of said particles. 4.

Apparatus according to claim2,. wherein i heabeatidhd) 1 ncl udes
sensi MBhiseastbofl 07 seilarcho thg PIFEONP é’é’%‘n%xé:%gtlf ﬁ)cr)?l%%grg‘%n%%%of said particles.

5. Apparatus according to clai I bihosat G s@l&i. nThieaits i ncl ude
el ect rorc whic @Wﬂ@?ﬁérﬁe‘?ﬁiﬁ’fﬁ?‘g,ﬂe@&,nwd?l%acbf (l):’r$ det ecti ng v\z/i?ri ations in
the electrical charagteristicsilkn dvefStagds Pard Noelftionaivwharegi on (L)
bet weel 58l BCYERTAEY %Oecﬁ?g%cre eraglre%a?fzmwllv?%an?gai d second _elfglcét rodﬁe array
(M2) . -30 6. ; IirAen tee iofaby pattécleipresenti i@ dlec@g?S c-fiel d
rreasur?eﬁémdﬁgr?ﬁép‘%ﬁeg%élﬁ}eﬁgtq%éejast one@Iglaectrode (M2) of sajd second

el ectr tﬁﬁ easre%@ﬁ ang,tfnsheasfecrde If etheccaged evifase IFpnisnt das 8ot YEsPEH ect r ode
array % 3 : g\pparatus according to claim5, wherein.said electric-field

measur % . [BRANSre IEMGvEgaha chia st thel wosing decatipRIly dbsp?ascggl doRPEt“%EFect r ode

array ) and at |east one other electrqde (F of .sai i.Lskt.el ectrode
array. wosdAppacal iss aoceetdberp defeetedi i e gkﬁﬁk’&éﬁ)ﬂ%‘? g% 5%8%3&2%% trode

arra M2) is substantially transparent.
’ Eocaz,ion. This last operationyis repeatg un 1& the content of all ¢ cages has been

detected. Counting the number of particles of each type can therefore be achieved

by separately summing the number of cages trapping particles of the same type.



9. Apparatus according to claims 3 and 8, wherein said sensing nmeans
include optical-energy neasuring means (CFH, CHA) for detecting variations
in the optical characteristics in atzdeast one portion of said region (L)
between said first electrode array (MI|) and said second el ectrode array
(M2). 10. Apparatus according to any one of the previous clains, further
conprising neans (DS, DX, DY, MJ) for changing said first periodic signal
and/or said at |east one other peCiLodi® &ignal for: - expanding or
contracting, and/or - noving, and/or - establishing or deleting said at

| east one imaginary closed surface. 11. Apparatus according to any one of
the previous dl &b amprafus féreinipoRARY jagicRYimARRN S R, DprisBY, M J) for

changi ng the co Qsibti on Cg_f said first and/or said at |east one other
subset of sai da%FsuF’“aFtir $@t electrodes for: - expanding or contracting,

and/or - noViagrapdifetectrodes tanpisiag) b Mkt Qlcctehb ik B3bGhedtonls§@St ONe

i magi nary cl osed surface. 12. paratus according to any one of the
pr egi ousycl ai S? Sfl%frﬁﬁe?ndc%r?fﬁoﬁ:gieﬁ@frﬁe_@fy_ (Bxcemprisie) 2f lsasrgposed bet ween

sai d first sublsitrodsGail Ghoodd leiRlid 2 BCRNR Bl QPGed ?ﬁJr@%oA] RY. said spacer

having at |eagt one opening, said spacer formng at [east ~one chamber (L)
bet vvegn sai d fi¥ §1F°t§’&%§’fr‘i‘yat%‘dé’ﬁ'a‘“'§%ﬁ*ﬂi Bilcad bengplpsed de aargiay(113.  Appar at us

according to 8&yeaRSd afst SblodBardy ddd safd bl Bl r}aﬁ,j ng a spacer (A3)
integrated in said first substrate, said spacer having at |east one

openi ng, sai d™SHRAES. Pes MYagMHE) for estaitislomparc Heotrivefield hividpatonean sai d first
substrate (Q) n‘é@ﬁud&s@gldat?e%&%ﬂginﬁgﬁg& rc%ge% Sl?‘lrf'E{CQ'YS 1() ll\é%c)ltéd entirely in said

fluid,

characterized in that said means (DS, DX, DY, MII) for establishing an

clectrical field comprises means for applying first periodic signals having a

frequency and a first phase to a first subset of electrodes (L7; E7) of said first

electrode array (M1) and to said second electrode array (M2) and at least one

other periodic signal having said frequency and a second phase, opposite to said

first phase, to at least one other subset of electrodes (L1-L6, L8-L12; E1-E6) of

said first electrode array.

2. Apparatus according to claim 1, wherein said second electrode array (M2) is

realized on a second substrate (02).

3. Apparatus according to claim 1, wherein said first substrate (C) includes
sensing means (SU; CPH, CHA; FRI, FR2 for detecting the presence of one or

more of said particles.

4. Apparatus according to claim 2, wherein said second substrate (02) includes

sensing means for detecting the presence of one or more of said particles.

5. Apparatus according to claim 3 or 4, wherein said sensing means include
electric-field measuring means (LIJ, M2, CHA) for detecting variations in the
clectrical characteristics in at least a portion of said region (L) between said first

electrode array (M1) and said second electrode array (M2)



14. Apparatus according to any one of the previous clains, wherein at | ast
one electrode (LIJ) of said group of electrodes is connected to circuit
means conprising: - addressing inpU?oﬁeans (XI, XJ); - data input/output
means; - reference input neans (FS); - at |east one nmenory elenent (MJ);
whereby the periodic signal applied to the at | east one electrode is
derived from said reference input according to a value stored in said at
| east one mermory el ement programmed by said addressing input means and

said data i npytxﬁ%&gtacco@@ﬂt% clal® 5, ARPEK adwaemmdmagum@ odaas m 14, wherein
said circuit means further n81|ses sen5|q9 n@3r ggt%) t16e Apparatus
according to aﬁydemﬁéeaﬁfomtﬁ@“ﬁﬁ‘eé 29 0551 S5oRE SRR RN M 2 RESTC one  of sai d
el ectrodes (Lysddd) 1.0 of@icdirdtichtodehesiapyle array (M) has rectangul ar
shape. 17. Apparatus according to any one of the previous clains, wherein

at | east one of said el ectrodes (El-E7) of said first electrode array (M)

has hexagonal ; A s%%cor&%%r@atukl% A5G0k dhifGiedtfe-AAY neaariRf mtdie previ ous
cl ai s, mhereln secon el ectrode array (M) conS|sts of a single

el ect r ode. -Bme&:aﬂppdﬁapwsﬁBéb@h@ﬂﬁ@ﬂﬁﬁﬁéﬁ?mﬁﬁéNHﬁaWh% PR ous cl ai ns,
wherein said fi eectr&fégfﬁit')%}“?am(f%teie%ﬁr&le griel i thic sem conductor substrate.

20. A net hod P errranl articles imersed in a fluid placed in a
region (L) between a flrst and a second el ectrode arrays (M, M)

pelonging 10 8 9o Rlorfind il LA wnék qa&@e%agxdelﬁ%{r@&tamgwgy,eay (M)

conpri sing at sal secon ectrode array facing and
bei ng spaced a@ﬁﬁmmmyQEM$aﬁﬂ.flrSt

9. Apparatus according to claims 3 and 8, wherein said sensing means include
optical-energy measuring means (CPH, CHA) for detecting variations in the
optical characteristics in at least one portion of said region (L) between said first

electrode array (M1) and said second electrode array (M2).

10. Apparatus according to any one of the previous claims, further comprising
means (DS, DX, DY, MIJ) for changing said first periodic signal and/or said at
least one other periodic signal for:

- expanding or contracting, and/or

- moving, and/or

- establishing or deleting

said at least one imaginary closed surface.

11. Apparatus according to any one of the previous claims, further comprising
means (DS, DX, DY, MIJ) for changing the composition of said first and/or said
at least one other subset of said plurality of electrodes for:

- expanding or contracting, and/or

- moving and/or

- establishing or deleting

said at least one imaginary closed surface.

12. Apparatus according to any one of the previous claims, further comprising a



el ectrode array (M), the nethod conprising: applying first periodic
signals having a frequency and a first phase to a first subset of

el ectrodes (L7; E7) of said first el¥ctrode array (M 1) and to said second
el ectrode array (M2) and at |east a second periodic signal having said
frequency and a second phase, opposite to said first phase, to at |east
one ot her subset of electrodes (L1-L6, L8-L12; Ei-E6) of said first

el ectrode ar rspager @i mempscddsiven sashirgubstrate (@oand seid picaidglagiodeng const ant
magni t ude OV%&;@EM&)?QQ& sp AR hadifIB A8 oHe GeRRE daid Wik 89mfing dtlealtOCal €d
entirely in sard fl'urd, whereby sard particles are either attracted or
repel | ed fromnfackpmb@ri(bhbe@ffeessﬁir{vjﬁrst@gim@ﬁteewbﬂatdsﬁe@n@?lectr@éd #drazt | east one

i mgi nary cl osed surface, depending on electrical properties of said
particles and said fluid. 21. A nethod according to claim20, wherein, in
sai d step of 1&pppparang detarditg wnaly osedahdngpkt |, dditer singnaihs: s@cerl east one

particle is ract ed .t.owa first rtion of id region (L); further

i ncl udi ng thgké)tlé Bl %dérbf)a[l ?‘ﬁsgs'ﬁf?qﬁ%rsglﬁtsmﬁ%ﬁag@?(??%fl%r?[é? 4'6%sai d subsets
of el ect r odesaidapactrefasiingadeastfone SAamberdif feareemsaipini sabitateSCyaal s havi ng sai d
frequency and iﬁai dg{{,i rst phas&dgnd at |east another of said different

peri odi ¢ si graseRuieefoLes @ f¥Pquency and said second phase, thereby

di splacing said at |east one imaginary closed surface (Si) and attracting
said at |east one particle toward a second portion of said region enclosed
by said at | edstPRRENY FREEHIHE S 2| B athe pfeyiqeseclyims. pyhereat IRt fRgt hod accor di ng

to claim20, yagsRi (LI &F Sl Grovpest QbctdRR! Y1 dfnckdcd 3 ABght ne@&oNnd periodic
signals, at |east one particle Is attracted toward a first portion of said

regi on; furt HOMPISRE udi ng the step of changing the conposition of said
first subset ofy &6t adas,808/ 2N, said at |east one other subset of

el ectrodes, thereby di'splacing said at |east one inmaginary closed -33
surface (Si) -ahd ut/puipdtinggpssai d at | east one particle toward a second

portion of - reference input means (FS);

- at least one memory element (MIJ};

whereby the periedic signal applied to the at least one electrode is derived from
said reference input according to a value stored in said at least one memory
element programmed by said addressing input means and said data mput/output

means.

15. Apparatus according to claim 14, wherein said circuit means further

comprises sensing means (SIJ).

16. Apparatus according to any one of the previous claims, wherein at least one
of said electrodes (LI-L12) of said firsi electrode array (M1) has rectangular

shape.

17. Apparatus according to any one of the previous claims, wherein at least one

of said electrodes (E1-E7) of said first electrode array (M1) has hexagonal shape.

18. Apparatus according to any one of the previous claims, wherein said second

clectrode array (M2) consists of a single electrode.



said region enclosed by said at | east one imginary closed surface. 23. A
nmet hod according to claim?2l, wherein said step of applying different
periodic signals further conprises'éﬁ%ﬁging t he conposition of said subsets
and applying said first and second periodic signals to the changed subsets
of electrodes. 24. A nethod for separating different types of particles

imersed in a fluid placed in a reg)if;%l% é{L be ween. hidSta@gnd a second

el ectrode ar '8y apramus 99rding &9 R eé?u(%lf%"% AP ?odes, sai d second

el ectrode ar r@yddVRe) i @ MRhdISHOG@micaiduibeasbstame el ectrode, said second
el ectrode array (M) facing and being spaced apart fromsaid first
el ectrode array (ML), the nethod conprising: applying first periodic

signal's havi ng & f&RAUSN mniARding phiitlsd inphBse it Ofldd biatdtin ageliset of
el ectrodes (L7; E/) of said first electrode arr%g}l\/ll%‘ and to said second
el ectrode ar ribybsrwey adie apd a pesendiclegirads agmy (Mer MOHPL g WA ERYi ng sai d

frequency an BSGcORR Ak @12 Cofiisthe hi k&t oRfRsSEodel 0 at | east
one other subsé Ctgoﬁgs?g%%(p:%arogieeg (LI -I_‘6,@/I BS?L}%[Z; E1l-E6) of said first

el ectrode ar rsaid, secovar dbyrodestrabificiai 31g beingesraeady anarts frm Fa¥al*hg const ant

magni t ude over at.|eas ] LAaLY,s! osed surface (S 1) located
entirely in s%?c?foqelaﬁﬁa ,EM%%F%{&&? 0!t;ah?)paurl icles of a first tépe are
attracted tovwepting firsr sriofiosighan haingsafrenuensyizon a(fyt RAw Bselshy  said at
| east one imaginary.closed .surface [ fandlifh@eRhd t ypes are
repelled fro %‘8%&‘7“ %%S&of??)o“’gg%‘? ﬁ%ﬁ?ﬁ%@gﬁ%ﬁ%ﬂcﬁfo?@d by said at |east
one i magi nar Mecirb@sathySNRf aciet lastck sedvah gérindic tsigeal bavigsowidifregrensf said fir st

subset el ectrodes and/or said. at |east ane .o fbetgkectrodes of
said first el 8K Hew S&y"ftpﬁff“)e,“’%‘g?“esbij a(%emtci/&thga%?%g%ﬁgéso%etsaid first type

are moved t OWgEGhodesSENONS] PHLIL; ORI-B6) shisaldr gl ekctrodncimgetheyy sai d at | east

one imaginary closed surface._25. A nethod for .rrgni elgl t'é\sg 0(}ll;lefferent types
of particles, estanfighingean jefpetsicr fisll faving Sesgny magnipdsy e a?L]l)e etween a first

gl onh
and a second glembiOdBsc udi& (S lod¥RY entirely in said fluid, whereby said

particles are either attracted or repelled from a portion of said region enclosed by
said at least one imaginary closed surface, depending on electrical properties of

said particles and said fluid.

21. A method according to claim 20, wherein, in said step of applying first and
second periodic signals, at least one particle is attracted toward a first portion of
said region (L); further including the step of:

applying different periodic signals to said subsets of electrodes, at least one of
said different periodic signals having said frequency and said first phase and at
least another of said different periodic signals having said frequency and said
second phase, thereby displacing said at least one imaginary closed surface (S1)
and attracting said at least one particle toward a second portion of said region

enclosed by said at least one imaginary closed surface (51

22. A method according to claim 20, wherein, in said step of applying first and
second periodic signals, at least one particle is attracted toward a first portion of
said region; further including the step of:

changing the composition of said first subset of electrodes and/or said at least one

other subset of electrodes, thereby displacing said at least one imaginary closed



bel onging to a group of el ectrodes, said second el ectrode array conpri sing
at |east one electrode, said second el ectrode array (M) facing and bei ng
spaced apart fromsaid first el ectrdie array, the nethod conprising: -34
applying first periodic signals having a frequency and a first phase to a
first subset of electrodes (L7; E7) of said first electrode array (M1)

and to said second electrode arra M2) and at | east SECO peri odic
si gnal havi ngusase dS P raad adpeipe saf gt éasig’ﬂ%‘??ﬁmgehtg‘gaerd agﬁcﬁg(gmrggnt %dsai d first

phase, to at | 8ast.,QN8Lk BelaicHRaRbnOhagiflrpeibicosieficd LI - L6, L8-L12; El-E6)
of said first electrode array, thereby establishing an electric field
havi ng constant magnitude over nultiple imaginary closed surfaces (Si)

| ocated entirgly | E\;héd"%& o116 cla &1 ehNersftissld RRP lof ap@singtigfereatt t 1 act ed
toward and trapped 1 n di Pferent ~portions of said [jggl n _encl odsed by said
i magi nary cl geediis sigiaksclogher samisef changing hosampaen i?ig suBFR % trap only

one particle; sensj Y. f 2N REdd kel & peglbiels 8AI d portions.
26. A nethod && 3ﬁd?a%ﬁg%%g{!a§%1n§§e§§%€m§§%ar ati ng}{agéléfferent types of
particles imkersds in a fluid, further conprising the step of changing the
conposition of said first subset of electrodes and/or said at |east one

ot her subset of electrodes of said first electrode array (ML), thereby a
first subset 2HfA sathdd ifomgbaraiing Gffoeedyissof aeddles Tersgd an & aced toward a

first area, said first. s t of id i ' al d suriages being
conmposed of i ‘ﬁflr‘l‘éf’§eg&c1no@g§e%%€araf%%eagd\%h@%h@t@%%% p%?a?i 8 es p? a first
type, in or depeldn@ind®y € goap df Patrbdes, el sefond gedtrddd drras (M) eoenprigar d said first

area. 27. A nethod according . to claim?26, f r. (.S before said
step of sensfllepst PR eleﬁtb‘éi%‘%‘de“&‘i‘?ﬂé %8%’&05%%%33’3@{52%8‘6‘& %Elmgsegll%c? B%S?ti ons, the
step of sequeRtdiatdnysaidhisl-agidogrsaiMl)i ixngitndroympiisoged surfaces (S 1, S2)
toward at | east one _sensing _.location (Sl), indor er (9, {g)é/%rsgrapped
particl es t ownaPRYiRgafit BEEEPE AR REf Ireqiency and a st p

subset of electrodes (L7; E7) of said first electrode array (M1) and to said second
electrode array (M2) and at least a second periodic signal having said frequency
and a second phase, opposite to said first phase, to at least one other subset of
clectrodes (L1-L6, L8-L12; EI-E6) of said first electrode array, thereby
establishing an electric field having constant magnitude over at least one
imaginary closed surface (81) located entirely in said fluid, whereby the particles
of a first type are attracted toward a first portion of said region (L) enclosed by
said at least one imaginary closed surface and particles of different types are
repelled from said first portion of said region enclosed by said at least one
imaginary closed surface; and

changing the composition of said first subset electrodes and/or said at least one
other subsct of electrodes of said first electrode array (M), thereby only
particles of said first type are moved toward a second portion of said region

enclosed by said at least one imaginary closed surface.

25. A method for manipulating different types of particles, immersed m a fluid
placed in a region (L) between a first and a second clectrode arrays (M1, M2)
belonging to a group of electrodes, said second electrode array comprising at
Jeast one electrode, said second electrode array (M2) facing and being spaced

apart from said first electrode array, the method comprising:



28. A method for counting the number of particles imersed in a fluid
placed in a region (L) between a first and a second el ectrode arrays (M,
M2) belonging to a group of elect rotfes, said second el ectrode array (M)
conprising at |east one electrode, said second electrode array (M) facing
and being spaced apart from said first electrode array (M), the nethod

conprising: applying first perjodi.c signals havi frequ and a first
phase to a firpalyine §iheerods sigopl Y%ésf%@‘ﬁ?y ﬁ%a g’f%t g‘éals%?qgflr%g{iyel ect rode
array (M 1) apdetdcis@icdes BREING @liged codRdaiayMI MM tasil esdcond peri odi ¢

signal having said frequency -35 and a second phase, opposite to said first
phase, to a skeidd 3§@b&é@ ag{ atdpasta Fesepdperiod signg! hayige Eaigge%F‘fﬁa) of sai dI

first electrqfe,arsay phagé:'%hlﬁﬂﬁ.’e ©ShRhri A0 Go Ahleast bRCthdr Gubsbiedfd havi ng
constant magnitude over at 1]east one inmaginary closed surface (Si) |ocated
entirely in shitubded (LHLonheddBy EdHey of hwidyfrst ieéﬁlc‘é%deo?mé’néﬁetr%e are

attracted t Ové@tl.::llﬂis % . QQ&r'coﬁelgsﬁeivg\grcg_&itzﬁpm%ﬁ‘h&%g Md@inthgbryl €2St ONne
i magi nary cl osed surtace (S 1); sensing the nunmber of particles in each of
sai d porti onslos@Dsurfcevehobcagicatichng it Bidiwherby spigPagisliheing t he nunber

of particles . et e Wl Bpldih SatddBRion RTRE SlAGAAG Bl &R Of separately

summi ng the particles o ane type. A net hod according to
clai m 25, forimagnuny iclgedt duefacendaelr ob faip apitipes| wingatblealo irgpedt oBne type
imrersed in a flyid, further conprising the step of before said step of
sensing the t%?ﬁé;eof each particle trapped in said portions, sequentially
di spl aci ng s ajehkidg ROl eIt Yach pasield trapped moes poBods) toward at | east one
sensing location (SI) by sequentially changing the conposition of said
first subset of electrodes and/or said at |east one other subset of

el ectrodes ofsal Methbd Sdeordil @CERIONES, adrrsepardid Yiffeiere tpped @f particleove t r apped

particles t OV\i/aml;n%rsgd?%% ﬂsu?dr,]?illrtrl]legr co%ggs?r}gi tl())ens;tep%?:d
changing the composition of said first subset of electrodes and/or said af least one
other subset of electrodes of said first electrode array (M1), thereby a first subset
of said imaginary closed surfaces (S1) are displaced toward a first arca, said first
subset of said imaginary closed surfaces being composed of imaginary closed
surfaces which trap particles of a first type, in order to move said particles of

said first type toward said first area.

27. A method according to claim 26, further comprising, before said step of
sensing the type of each particle trapped in said portions, the step of sequentially
displacing said imaginary closed surfaces (S1, 52) toward at least one sensing

location (SI), in order to move trapped particles toward said sensing location.

78. A method for counting the number of particles immersed in a fluid placed in
a region (L) between a first and a second electrode arrays (M1, M2) belonging to
a group of electrodes, said second electrode array (M2) comprising at least one
electrode, said second electrode array (M2) facing and being spaced apart from
said first electrode array (M1), the method comprising:

applying first periodic signals having a frequency and a first phase to a first
subset of electrodes (L7: E7) of said first electrode array (M1) and to said

second electrode array (M2) and a second periodic signal having said frequency



separately summing the nunber of particles of a same type.
according to any of claims 25-30, wherein said step of sensing
measuring variations in characteri sti®

opti cal

and a second phase, opposite to said first phase, to a second subset of electrodes
(L1-L6, L8-L12; E1-E6) of said first electrode array, thereby establishing an
electric field bhaving constant magnitude over at least one imaginary closed
surface (S1) located entirely in said fluid, whereby only the particles of one type
are attracted toward portions of said region enclosed by said at least one
imaginary closed surface (S1);

sensing the number of particles in each of said portions.

29. A method according to claim 25, for counting the number of particles
immersed in a fluid further comprising the step of:

separately summing the number of particles of a same type.

30. A method according to claim 25, for counting the number of particles of at
least one type immersed in a fluid, further comprising the step of:

before said step of sensing the type of each particle trapped in said portions,
sequentially displacing said imaginary closed surfaces (S1) toward at least one
sensing location (SI) by sequentially changing the composition of said first subset
of electrodes and/or said at least one other subset of electrodes of said first
electrode array (M1), in order to move trapped particles toward said sensing
location; and

separately summing the number of particles of a same type.

31. A method according to any of claims 25-30, whercin said step of sensing
comprises measuring variations in characteristics selected between electrical and

optical in at least one portion of said fluid.

3 1. A nethod

conpri ses

( S sel ected between el ectrical and
in at | east one portion of said fluid.



