On-Chip 4D Lightfield M croscope (CSIR-001PCT) 5Technical Field [0001] The
present invention generally relates to on-chip |ensless mcroscope systens,
i ncl udi ngvopbddewiodi ¢ m croscope and hol ographi ¢ i magi N@CHUS2@IOHISS .
Background Art 10[ 0002] Af f ordabl e di agnostics is emerging as a maj or need
for the 21st century to ensure personal diagnostics and point of care
heal t hcare, which is critical for both the devel oping countries (fromthe
st andpoi nt of | ow cost) and devel oped countries (considering the
overwhel med nedi cal infrastructure due to the |arge aging population). Wth
t he hel p of nobdern engi neering 15technol ogi es, neasurenents and bi omar ker
detections, critical information can be extracted and the signature of

chem cal marker of the disease,cap, be rved in single drop of human
fluid (blood, interstitial @?’&h@,Lﬁ)tjfrzllglrll{eﬁf%%g\r/[lcgogf?p\?a). Since the biol ogi cal
sanples are normally limted and @SmR®0tFGH) ons of nol ecul es of interest or
proteins in sanples are nostly in pnol/L range, a 20highly sensitive,
specific, and accurate detector is essential with mnimzed sanpl e vol une.
Mcrofl i dic sensors or broadly | alye@icatmbidp (LOC) technol ogi es have a

t renendous bu nproven potential to inprove the health of people in
devel opi ng coli es .TﬁfEi%‘g?enginﬁ%loP ﬁ‘é“eFFgEé?lﬁt_e? RERFIRIRNSGTS TeEg

m crof | uidic teghaahdcarinPwiidd8RrostsR ahdhsiesmRbIs: sRlldgngs has been
25percei ved as potentially one of the nost powerful applications of the

t echnol ogy by t aRFRéCEvant age of its small size, |ow vol une requirenent
for sanples, and rapid analysis. |pggetund@rtable LOC devices are now
beginning to be used in renote settings, as a result of devel opnents in

i nt egratQ ng Q04 ac¥dizrdable diagaesyicels spereinees prgmr neehiopthe 24 epiwy i on,
signal anpli i cal L@l @RI AREARAL AYSR LA MEMASKAGh & giRkice. As they
stand, these devices are not yet 2 appropriate for use in the extrene

r esour ce- poor sdothotliydic dévedwing copitrigp (Eounthe stelpoineefdow kedteand, t hese

advances pl ace t 9e1(§ﬂg E&Iﬁﬁes}(%siﬁgﬁ%ﬁfégﬁ%\gh%‘g% I8 Otk @ik Gud ackl e the

profound issue of @ ea C enges 1 n device designs are
arguabl y t he npso¢ thddaremaiimgppopaldon)hWitheélechelp of modern engineering

15 technologies, measurements and biomarker detections, critical information can
be extracted and the signature of chemical marker of the disease can be
observed in single drop of human fluid (blood, interstitial fluid, urine, or
saliva). Since the biological samples are normally limited and concentrations
of molecules of interest or proteins in samples are mostly in pmol/L range, a

20 highly sensitive, specific, and accurate detector is essential with minimized
sample volume. Microfluidic sensors or broadly lab-on-a-chip (LOC)
technologies have a tremendous but unproven potential to improve the health
of people in developing countries. Ever since the modern inception of LOC
and microfluidic technologies around 1990, use in remote settings has been

25 perceived as potentially one of the most powerful applications of the
technology by taking advantage of its small size, low volume requirement for
samples, and rapid analysis. Indeed, portable LOC devices are now beginning
to be used in remote settings, as a result of developments in integrating fluid
actuation, sample pre-treatment, sample separation, signal amplification, and

30 signal detection into a single device. As they stand, these devices are not yet



5for new health technol ogies the greatest. [0003] Yang et al., U S. Patent
Nunmber 7751048, for an Optofluidic Mcroscope Device, discloses a device
havi ng | iwybt2otr@mn®m ssi ve regi ons and an optical detect ecTiusati1iosysssed to
i mge an object flow ng through a fluid channel. 10[0004]C u et al.,U U.S.
Pat ent Nunber 7768654, for an On- Chi pQPhase M cr oscope/ Beam Profil er Based
On Differential Interference Contrast And/ O Surface Plasnon Assisted
Interference, discloses a DIC mcroscope and/or light field profiler based
on Young's interference. [0005]Yang et al.,U U S. Patent Nunber 7751048,
for an Optofluidic 15M croscope Device Featuring A Body Conprising A Fluid
Channel And Haviapgfopliizghforiiﬁeainmesgbmereﬂegi:eepm)r selﬁi@sloﬁé@«sloaingevi ce that

mcludesaflwdcann yin rface,an t%%(‘ct lﬁasabacterlum
I'leS n(ﬁfe es]s saa ancesg}ace 161 Q researc 11
or V|rusflovv|ng hir'6u |UI chann CIe i'magi ng el ements in

t he bottom of t hmnfelpomdomtmaanml thaplefd]nﬁédisﬁemflgmgldleh]ﬂe m]b;eehet
20[ 0006] Fl et cher

ublicatio nmber, W2009/ 088930, for a High
Nror i cal - Aper t FPECPERdIETGLEYRY KoirarRLD nar EPELIRe A Pidbihg. syst em
consi sting of afcﬁiew}&hmns%chmddgleat@egm&neatthat is used for disease
di agnosi s, anal i [ n| tor g, [0007] Raskar et
al., US. Pat gﬁbgﬂun‘g&? 7@2‘3%31’5 ﬁ\h’g“ -/%Lfgzﬁgt EieB|ORosEEier a, di scl oses a
camera that acquiszRScape Hovice, ditklofdsel dvied haamf;‘gqegmrmmﬁ@ﬁaks’gtdn@gnd he 4D | i ght
field before it is sensed [0008] Wt hin the context of ]%Etoflw dics there

is a need for | GBKPHH! é%tefé%é]&t F?éﬁ%d forimagsrapbiggyloipe thequan 84 ¢ hi n t he
context of optofcdhiindi cs, there is a need for better 30resolution of the
| TRge. 10 [0004] Ciu et al., U.S. Patent Number 7768654, for an On-Chip Phase
Microscope/Beam Profiler Based On Differential Interference Contrast
And/Or Surface Plasmon Assisted Interference, discloses a DIC microscope
and/or light field profiler based on Young's interference.
[0005] Yang et al., U.S. Patent Number 7751048, for an Oprofluidic

15 Microscope Device Featuring A Body Comprising A Fluid Channel And
Having Light Transmissive Regions, discloses a device that includes a fluid
channel having a surface and an object such as a bacterium or virus flowing
through the fluid channel while light imaging elements in the bottom of the
fluid channel are used to image the object.

20 [0006] Fletcher et al., PCT Publication Number W(02009/088930, for a High
Numerical Aperture Telemicroscopy Apparatus, discloses an imaging system
consisting of a cell-phone with a camera that is used for disease diagnosis,
symptom analysis and post-procedure monitoring.

[0007] Raskar et al., U.S. Patent Number 7792423, for a 4D Light Field

25 Camera, discloses a camera that acquires a 4D light field of a scene by
modulating the 4D light field before it is sensed.

[0008] Within the context of optofluidics there is a need for looking at
specimens in a new way.
[0009] Also within the context of optofluidics, there is a need for better

30 resolution of the image.



3 [00010] Also within the context of optofluidics, there is a need for |ow
cost, label free bio-detection since nost bio-detection platfornms use

bi omar kerwotzhetoshmve a limted shelve |ife and are expeRrETXES2011/059484

[00011] Also within the context of optofluidics, there is a need for

i ncreased 5sensitivity to allow for fewer fal se negative results. [00012]
Also within the context of optofluidics, there is a need for specificity to
allow for fewer fal se positives. Summary of the Invention 10[ 00013] The
present invention is related to a novel |ow cost |ab-on-chip (LOC)

di agnostics platform which can be utilized broadly as point of care

devi ces and f B100p@Er s adsml withimtpn ositext of oipbodity, deld iy 2 nediddoplowposted | nvent i on

relates to an onaghlp epLALLULdie. MGTASF9RGL SEMRISE BILLRAL dat eorates
pl asnmoni ¢ | enses, ‘m ocof 'urdic "devi ces, an I mage sensor ‘arrays and is
capabl e of 15genevad limgedddbeivartifpesdbleraapghiveonput ati onal phot ogr aphy. The

proposed sens atform.can.be attached.ta cell .phones. and utilize the
cel | phone caﬁ@?ghfoﬁg dWﬁ?ng?C@ﬁ?%oﬁgﬁ?%%@c%ﬁﬁﬁ?g?n‘gééﬁﬂngﬁ?agnostics
appl i catd ons. [ QeRit#jity Thaloor B8 fler falke @BgdtiOaras@itsabl e to provi de sol utions to
t he needs of Rg%gﬁ%ui i cs. .The present i@v.ntion.is abl e to.grovide better
resol ution by r oviong e saipit ohgpteiitdicy et s ages Phpgescibel second).
The present invenbyes tewcrabh@pds@ivey, ovi de | ow cost- | abel free bio-detection

usi ng standard bul k CMOS technol ogy to enabl e cheap and effective
bi o-detection. The present invention is able to provide increased

sensitivity (fewer false negatiggnh&§uki)nRpgospeci ficity (fewer false
positives) by having the ability to change 25i nvestigati on point of view

and deptth of fQ00&H. ~VBspremsmbinyeiivon éssrelaicd ter paweblowcrogineb-py cia(k¥g) the
ability to changg Qipt '19tffo'r}ﬂl,Sﬂcﬁ@%wlﬁﬁﬁgﬁmbé{ﬁ{?%ﬂ&rﬁ0&‘9&5@@@&% the ability

to count and distinguish cells. The present invention is able to provide an
on-chi p |ightfi endfapeoenalilidirosiiscirpsdiopldy, (Heprapnd iByestiemeclarstio fint egr at es

plasrmoni ¢ | ens e.son—cmé)cc%)?cffl .ighl?cr%@éﬂec(é%M) en%n%%ﬁa?e? N
net al - oxi de sem conduct or I mage sensor "arrays and- 1 s
lenses, miocofluidic devices, and CMOS image sensor arrays and is capable of
15 generating 4D images through computational photography. The proposed
sensor platform can be attached to cell phones and utilize the cell phone
camera for point of care devices and for personal diagnostics applications.
[00014] The present invention is able to provide solutions to the needs of
optofluidics. The present invention is able to provide better resolution by
20 improving the sampling rate (increased images per second). The present
invention is able to provide low cost- label free bio-detection using standard
bulk CMOS technology to enable cheap and effective bio-detection. The
present invention is able to provide increased sensitivity (fewer false negative
results) and specificity (fewer false positives) by having the ability to change
25 investigation point of view and depth of filed. Most bio-samples are clustered
and by having the ability to change point-of-view the present invention
increases the ability to count and distinguish cells. The present invention is
able to provide an on-chip lightfield optofluidic microscope (LF-OFM) system
that integrates plasmonic lenses, microfluidic devices, and CMOS

30 (complementary metal-oxide semiconductor) image sensor arrays and is



4 capabl e of generating 3D inages using a 4D light field through

conput ati onal photography. [00015] To address this need, the present

i nvent i orwexbengs79rhe on-chip | ensl ess m croscope syst erCTiuSzomA5948€
optofluidic mcroscope (CFM, to i ncor por ate 5conput ati onal phot ography
principles. The OFM nethod utilizes sinplified mcrofluidic flowto
transport biol ogical sanples across a |inear array of small apertures on a
nmetal coated CMOS imagi ng sensor that is illumnated by a |light source such
as an LED or array of LEDs. Since the passage of a sanple interrupts the

|l ight transm ssion through the |linear array of apertures, the tine-

10varyi ng tr ansresblcor gassomidDadaggstihingadp lghefitld tleoughpompamtianahb | i ne
trace across the b| ol ggi cal sanple. By reconstructing these line traces
fromthe |inear arr%y f apertures, a high resolution inage of the

bi ol ogi cal safMdbesS]cafolhédresclansdadthe gfésenamvant'roﬁmﬂennsithmOtcdﬁpmnﬂénlse to the
aperture size. A _.diagonal arran nt. of. the.linear rture arr ay has no
Thpact onthe CERETSEPEbI [T T btk S agd P B CHENBET e e
sensor i% progr &Bﬁipﬁiaﬂi@lalsﬂilﬁfdg‘rapﬁ@bhycqﬂlesﬁdfhsI(g?Mhﬁ:thfoﬂleiehlemiplhﬂedS directly
bel ow the linear arra ,ofi aﬁerture The rea rate re%ort d inis 1.3
kHz/s. The ti rre%‘&‘io&fl}“ﬁbc PaSTHYOT wl%%ﬁ%aaén ST SR T &3th aperture
represents a |iny Eerﬁﬁ@srbanmaalscaamdl EMUSS BB BB OBh i§ nmmmaeerdqa‘ylaw dic
channel . By stac |ng the 20line_scans fromthe apertures toget her, an i nmage
of the sanple caighbouisesehas ayLEPoY @S] offidsp Sse fie ParoesitfiagAmBlt ends t he
OFMs funct i onal '1ﬁt¥rr§;ﬂ§thb'ﬁgﬁtuﬂaﬁﬁﬁ%m’thfo%gpfh@'lﬁlgar%f}Qy SORERRL], 'tH%Qnﬁehe 4D
lightfield captured in the OFM mi croscope, from here on called th

i ghtfilld opt of Riyig tEanpisties espsaated with @sbﬁmryurq;ﬁpﬁewétsal lpgiigent | onal

photogr aph, 11 gfiyol{ & B2) RE Mabp B8 ByRMGALHRAIn Olheld 1RURAER AN, T ocus af t er

t he snapshot has been takeén, lgj ect to the resolution of the i mage sensor
and the diffractlingar arrﬁhpfapelfturphé heghtripsohition ymagewf thebenegi¢ad sdnmmdgeancapt ur ed by

the LF-OFM  one he Lok ct%X alt lclgé%luil&go(iin aﬁﬂf&%{) 'th%%g%ﬁalrgﬁ%e r@‘hﬁ%&gL' que

orthographi c views an ‘per spective ast 'u e angul ar
limt of rays thaangeaeet d:felmilrrcalmpamad arr& 111134s¢1a0t111r11®cuﬁ«r the QFMS
15 resolution. To obtain an image from the OFM, the image sensor is

programmed to specifically read signals from the pixels directly below the
linear array of apertures. The readout rate reported in is 1.3 kHz/s. The time-
varying transmission change measured through each aperture represents a line
scan of a sample passing through the microfluidic channel. By stacking the

20 line scans from the apertures together, an image of the sample can be
generated.

[00016] The present invention extends the OFMs functionality and usefulness
by recording and controlling the 4D lightfield captured in the OFM
microscope, from here on called the lightfield optofluidic microscope (LF-

25 OFM.) Unlike a conventional photograph, light fields permit manipulation of
viewpoint and focus after the snapshot has been taken, subject to the
resolution of the image sensor and the diffraction limit of the optical system.
From the image captured by the LF-OFM, one can employ light field
rendering to generate oblique orthographic views and/or perspective views, at

30 least up to the angular limit of rays that have been captured. Since the LF-



OFM separates image acquisition fromthe selection of viewpoint and focus,
it can be used as a "digital viewfinder" where focus and vi ew ng

per spect iwe 20mmelb®7mani pul at ed by signal processing al gecirtusosi1afies t he
pi cture was taken. Applying conputer \rg;asi on algorithnms to these selection
procedures will |ead to 5greater automation of m croscope operation when
anal yzing a |l arge nunbers of specinens. Since mcroscopes normally record
ort hographi c i nagery, perspective views represent a new way to | ook at
specinmens. In addition, adaptive depth of field and spatial (perspective)
views of the specinmen increases sensitivity (fewer false negative results)
and specificity fol\é\%\marmiﬂlim%ela(omsitimi fres)he spl&@ﬂ)ollﬁfsteawpbinngldffp@m i captured
ight field, one,can,alternalilyehyniae SHOLReL s aRRHLITS RARLAgE aphy to
produce vi ews focus g af® Yitser &n ept V%yg]? create focal
stacks from a s|bﬁgﬂamp|umpadtby|srmgl@redehmlgmuhrmgafm thlelpg:ltllre senwkdn. ve speci nens

to b ded. Finall | yi 3D.d | ut 15 f I
Stacks, one can TERAHEPRRte SoGr A st BES EBet TR "Gt B Eaone -

vi sual i zed usi ngrea@dr uﬁremat@cnﬁﬁ“ﬁﬂiagsconQQlﬂﬂothen mevelingasipge hu@bert he present

invention is increasj n e di stance between t ert ure array and the
i mage sensor, whf éﬂ’?clnée SIS PIRER %‘gg‘\éﬁf F‘Féorgﬁéfﬁ YPPGIPagHY I ar

resol ution of tfp@ &EMb&s Fbﬁfésémlé%e@w&?h&obl@ﬁlﬂbbé&m&ﬁl Ik st | on by the
i ncom ng |ight. 00019] Anot her aspect of the present invention is in

contrast to the 2ENIVe Jetbpi %@rdeﬂpﬁwémefﬁamvanaww flq spefite? neat h t he

aperture array ligréR8%enditigt Rfe%?fﬂse'n@%’aﬁ% }QRtsh BRAPe@IiciBl (FR¥r BfisePi Xel s,
called atile, to capture t e 4D lighttield of the biological specinen

f1owi ngl® n the mP&EHE®)-ui di cs channel. 25Each tile is read out at a hi gh
rate. By stac hj0697 t h@tahﬁdg%ro?&@%tdré@l’%lﬁ lﬁ@lda&h% Elyﬁl%att@&?h nthBtié

lightfield image of the Sanple I's gener at ed. anot her aspect of
t he present i nveneiuaphosogranhy e praduce|vipyes f ﬂi%rﬁnb@epﬂ@f dhe| evel

processi ng of tggi[libg%gﬁyleifé?atl ?t%l&%n??ﬁ%%@ﬂlpgtﬁmt‘dgé NBwR iRRAGHAIRG S ol &

i mage sensor). anot her as present “i nv nt| onis a
mechanismto al Isawitfversmstirsmwlhﬂ recanilasl Elfnhlllu byapmﬁhgéDtdQCdneolun@etpt ed into

(e e M 2t SR gL LSSl PR SRR S
a systemthat petdualize8 using volume rendering.

[00018] One novel aspect of the present invention is increasing the distance
between the aperture array and the image sensor, which is needed to increase
the spatial and angular resolution of the LF-OFM since more pixels require

20 illumination by the incoming light.

[00019]  Another aspect of the present invention is in contrast to the OFM
system, where the individual pixel underneath the aperture array is read, the
present invention reads an array of pixels, called a tile, to capture the 4D
lightfield of the biological specimen flowing in the microfluidics channel.

25 Each tile is read out at a high rate. By stacking the tile scans from the
apertures together, a 4D lightfield image of the sample is generated.

[00020]  Yet another aspect of the present invention is for high volume

production by wafer level processing of the LF-OFM system (as opposed to

using a packaged single image sensor).



S5paral l el image processing, where different |ayers of sanples are inmaged
separately to increase the throughput of the system [00023] Yet another
aspect ofwoOheizprwe®ent i nvention is applying automated ceopaisesliofnge
recognition algorithns to the 4D lightfield picture to identify cells (such
as matched filtering, binary imge processing, nonent cal cul ati ons 10and
pattern classification), in order to performdiagnostics in renote areas
that are served by cellular networks. [00024] Yet another aspect of the
present is a method. The net hod begins by recording and controlling the 4D
lightfield captured in an optofluidic mcroscope. The nethod al so includes
capturing |igHo002ilel dst pether 4spdd whthi presat inyantah ivi eagennm tapldow Gocus aft er

the Sn.apShOt hasdisl?)g%glet a‘liﬁr%ﬁuid%hc%q% 3@6091?16%63 (1)nté e lLl#— %%%clerrq ¥0| a4 llei ght . field
rendering to genée at’e “ob irque ort ographi ¢ vi ews and/ or’perspective views.
The met hod al so derctiande'slifépgl Yistrgesasimgulicevame iILFOFMallgformt hns to t he

lightfield i o] vi de great automation of m crosco oper ati on when
analyzi ng a | PG nuRsevietS: A552hEhe BT MrEmng: # 3tk BE TieRhdes adapt | ve
depth of5 field gpaglleiabidprodpens paeiel difrentilSes obfanil@ asp@eigeen | ncreases
sensitivity (fewer fglse,ne ativg resul t and specificity (fewer false
posi tives). Bri &FPAREYEI] BETHY Rerthiongnst ehiPhysicds[ 00025] FIG 1 is a

schemati c di agioam]of yat ddothioFMpsdt 5 @8 prek &0 AR B tionliGipphnd sut@ng&henat i ¢ _
di agram of an alternative enbodi nent of a LF- stemutilizing a nobile

comuni cati on dEYMBREer ijagnregogngion algprighms to élwrl%alggM ; Bl MR mask
integrated to meelQbhdtiadinfachBRRRGINS; bihPARAE pFlcEisinkBubSed chieRati@n Vi ew of
a LF-OFM system 7

10 and pattern classification), in order to perform diagnostics in remote areas that
are served by cellular networks.

[00024]  Yet another aspect of the present is a method. The method begins by
recording and controlling the 4D lightfield captured in an optofluidic
microscope. The method also includes capturing light fields permit

15 manipulation of viewpoint and focus after the snapshot has been taken. The
method also includes employing light field rendering to generate oblique
orthographic views and/or perspective views. The method also includes
applying computer vision algorithms to the lightfield image to provide greater
automation of microscope operation when analyzing a large numbers of

20 specimens. The method also includes adaptive depth of field and spatial

(perspective) views of the specimen increases sensitivity (fewer false negative

results) and specificity (fewer false positives).

Brief Description of the Drawings
25 [00025] FIG. 1 is a schematic diagram of a LF-OFM system.
[00026] FIG. 1B is a schematic diagram of an alternative embodiment of a LF-
OFM system utilizing a mobile communication device, with a LED light
source and a plasmonic mask integrated to microfluidic channels.

[00027] FIG. 1B is a top plan view of a LF-OFM system.



[00028] FIG 1Cis an isolated view of an i mage sensor of the LF-OFM system
of FIG 1B. [00029] FIG 1D is a cross-sectional view of a LF-OFM system of
FIG 1B. wOQoBd1BIG 2 is a three-di nensional schemati ecraistoigosasi on of a
unit as 5shown in FIG 1. [00031] FIG_, 3 is a two-dinensional illustration
of the LF-OFM system upon plane wave i'llum nation while correspondi ng

pi xel ated intensities of a CMOS sensor are illustrated. [00032] FIG 3A
is a two-dinensional illustration of the LF-OFM system upon 10pl ane wave
illum nation while corresponding pixelated intensities of a CMOS sensor are
illustrated. [00033] FIG 3B is a two-dinensional illustration of the

LF- OFM syst em 90231 pFihd Craweisplated miemadfiao imagriskesoc o theEperdd mgtepi xel at ed
intensities of a ensor are illustrated. 15[00034] FIG 4 is a

t hr ee- di nensi onaolf schematic configuration of a nultiple |ayer process unit
for a 3D i magi0992¢ind FERhAIDyiS ksros{-80035) viewef a 4A-0OEMay2dn oEflGe$Bnt ati on of

| ayer 1 of FI 4. 6] EFIG 4B is D representation of |ayer 2 of
Fo 4. DooostPofla Ple S sindy elbepi RGP R R 8 o &

20[ 00038 FI G 5howen fallaw. chart of a nmethod for using 4D lightfield. [00039]
FIG 6 is a flow chart of a nmethod for generatin 4D lightfield i mage.
[00040] FIG. EO%Péﬁa FIGu iehate dgrensoni o onet P QRN THPTE: CFHM
[00041] FIG 9 ipfand wakOWusinakibn Fhil@comRifvading gixclagldnneRidcner a0MJIs OFHM
25Best Mode(s) For Carr inq Qut The Invention [00042] The present invention
ext ends on-chip SF@HE‘F@%@’S 8t oscope systems, including optofl uidic

m croscope ( Grgge}21aneidala0g b aR6dfmdniBEH] NEs Mt ERAFSOLN JyAEALPST at e

conput ati onal photography principles. This provides a three-di nensional

i magi ngl&yst em foéne Migpe Blusnagipa wallg soatchrondiag aixgdied drtensgiss of e Mihput .

Opt of | ui di ¢ m crEKGPRE 1RRG.EP! 0gr aphi c i magi ng

[00033] FIG. 3B is a two-dimensional illustration of the LF-OFM system upon
plane wave illumination while corresponding pixelated intensities of a CMOS
sensor are illustrated.

15 [00034] FIG. 4 is a three-dimensional schematic configuration of a multiple

layer process unit for a 3D imaging and analysis.

[00035] FIG. 4A is a 2D representation of layer 1 of FIG. 4.
[00036] FIG. 4B is a 2D representation of layer 2 of FIG. 4.
[00037] FIG. 4C is a 2D representation of layer 3 of FIG. 4.

20 [00038] FIG. 5 is flow chart of a method for using 4D lightfield.
[00039] FIG. 6 is a flow chart of a method for generating a 4D lightfield image.
[00040] FIG. 7 is a flow chart of a method for fabricating an LF-OFHM.
[00041] FIG. 9 is a flow chart of a method for fabricating an LF-OFHM.

25 Best Mode(s) For Carrying Out The Invention

[00042] The present invention extends on-chip lensless microscope systems,
including optofluidic microscope (OFMs) and holographic imaging
microscopes to incorporate computational photography principles. This
provides a three-dimensional imaging system for improved visualization and

30 increased throughput. Optofluidic microscope and holographic imaging



8 m croscopes are described in greater detail in: 1) X. Q Cui, L. M Lee,
X. Heng, W W Zhong, P. W Sternberg, D. Psaltis, and C. H Yang, Proc.
Nat | . Acawlo 284061197 S. A., 2008, 105, 10670-10675, 2) XPClHarsgo11D3948fi ckson,
L. R Baugh, Z. Yagoob, P. W Sternbergg, D. Psaltis and C. H Yang, Lab
Chi p, 52006, 6, 1274-1276, and 3) Seo,” S., Su, T.-W, Tseng, D. K,
Erlinger, A and Ozcan, A, Lab Chip, 2009, 9, 777-787, all three of which
are hereby incorporated by reference inits entirety. [00043] The OFM

met hod preferably utilizes sinplified mcrofluidic flowto transport

bi ol ogi cal sanples across a linear array of small apertures on a netal
10coat ed CMOS innigﬁos@pmsdascmmatin'g@atbﬂdetm'ir]iinalt)éﬁ QGyuall I\/gh'ee source such as

alight emtti ng;d di W( hﬂ?n%f%a‘ﬁ’gsm%% rou %d%‘hﬁc‘?{a (Igm%aﬁst?ge of a

sanple interrupts FEhe: m ssi frear array of
apertures, the tAcag- ScaIUy|Sng 20eR) 304, semmwsmwa&dgm tHuickaa L. abert ure

represents a li tr acr o t ol ) resol ution
hoe of the bi gfghaaraSboayFebg kiR e R Hay otk Ul on
conparald e to teoaper1Mdre7s| #d.3) Byo, ISQ(SQnBtqutsd:ngthkhe]smngdrnze dndaces from
Hong, W W Zhorrem b & aglt 7B Rpatl et ohibkaiiebing. proc. Nt
Acad. Sci. U Smg%rporg&p@reﬂe@&ceﬂqqglgﬁme@%?S whi ch i s hereby incorporated
by reference in its enti onal 20Qarrangenent. of the linear

aperture arralPhd t ifae QEP{%@?thﬂi w&fer@?z\glhﬁ%ﬂrﬁ@lﬁeﬁwe@ flgidictfioa loFvs

resol ution. [OOQﬁﬂJpoﬂi%&J%@a'l %ngﬂes'a@ﬁ)@@a fisc@mddyer M afchfrel BRIGBENSOr S
programmed to specifically rea nals fromthe pixels directly below the

| i near Htray of caped @M%%lmamé S?féﬁrdb%ftls Higmnated byadiebtwBicy sachasgHz/ s, The
time-varying 25 1&5@&&&1@%&6&@(‘1@5’9% ﬂ%@%@'iﬁﬁstﬁﬁlwg 36N ARSI HE ©

represents a line scan of a sanpl e passi n%hthroug Re m crofluidic
channel . By st adiirmgpts the lightriranyeismen throcught éln@?@@rrmu@fee@elﬁlsg@eth@éme-an i mage

of the sanple cap t%%ﬁfs%l?gss%&ﬁ&?\%ﬁ Jr{u?eeregﬂg?e\%}]%‘rig%g[ % ol ogi cal

sanples is also o usi ng ograp magi n raction
patterns of the aswsuspﬂheblob)gaal sarr@énséolnlglsfraoluaqp (@0 the biCloPicalar e obt ai ned.

Diffr aCH on pat tsamlr).'l% 1sarrece0n§tr1]uacr‘£e%e r-{eadresb utltoQ gon%parable to the aperture size, by

reconstructing these line traces from the linear array of apertures. As
explained in X. Q. Cui, L. M. Lee, X. Heng, W. W. Zhong, P. W. Sternberg,
D. Psaltis and C. H. Yang, Proc. Natl. Acad. Sci. U. S. A., 2008, 105, 10670—
10675, which is hereby incorporated by reference in its entirety, the diagonal

20 arrangement of the linear aperture array and the sensor pixel size has no
impact on the OFMs resolution.

[00044] To obtain an image from the OFM, the image sensor is programmed to
specifically read signals from the pixels directly below the linear array of
apertures. The readout rate is preferably 1.3 kHz/s. The time-varying

25 transmission change measured through each aperture represents a line scan of
a sample passing through the microfluidic channel. By stacking the line scans
from the apertures together, an image of the sample can be generated.

[00045] Lensfree imaging of biological samples is also obtained using
holographic imaging, where diffraction patterns of the samples over a sensor

30 array (CMOS or CCD) are obtained. Diffraction patterns are sharpened by the



use of a single aperture between the source of |ight and sanple to be

i maged. | mage processing algorithns are inplenented to identify the type of
sanpl e t a0 20R/g@I®3ent over a specific area of the sensecTamsecanasngsto the
diffraction patterns obtained for each particle within the sanple. 5[00046]
The | ensl ess i magi ng and counting techni ques of the OFM and t he hol ographic
systens provide a platformfor accurate analysis of biological sanples.
Simlarities between the nethods include the use of one or many apertures,
which are a key elenment in the optim zation of the imagi ng system [00047]
The present invention extends the functionality and useful ness of the

10l ensl ess i nagiwgosysignechyrebemeedihagowodofdight andIshiplg td beeimdfred. i ght fi el d
captured in the i croscope i,na from.her n.cal.le he }Lightfield

oprof | utdi o and MeFogPaShTeh I eha ks dIbPERTeRRPUbfe e s elent | onal

phot ogr aph, | i ghbatis eésdst qver aspecifiamicp uf e samoratcordieypohatiffaedos ocus aft er

t he snapshot has peen Hakeq7 suﬁhﬁgt tq tQﬁ resglution of the inmage sensor
and the 15di ffr ZAEFBHORHATG OBk RETERNRM NS 8P 5 From t he i mage capt ur ed
by the L¥- OFfdh4@ne Taarngepimdygind gldtcofiitidk dechaigarof g GFM gehée at e obl i que
ort hographi c vi and/ or perspective views, at |east. up.to the angular
limt of rays ¢ afoefiape rzfgﬁﬁm RO R dogiregs b s lPlﬁglﬁgn N, Marc
Levoy, Mathieu Bragled SifdenRicDbtabon thBimkihbiRrifMdezh@ind oPaie didinghan, St anford

Tech Report CTSR 202005-02, Light_ Field Photography with a Hand-held
Pl enoptic Camer é,pel‘fvé?fﬂa’h]é%l are a key element in the optimization Of the imaging system.

graphi cs. st angjogifl. €dué PRRGE fbddioa tRERL HROUR oRA ty aisEfideSs dTeReby
incorporated by reference in its entirety. Since the LF-OFHM separ at es

i mage atQui si ti depsiepomagig syanedireiordng wdeappeeliee BadDrlighifisld the LF-OFHM i s
used as a "di gi t.@hy N Wht REGEscopdBlaEe, fiRAHRraBdc Ak &We MghiRElsS Pect i ve are
mani pul at ed 25by si gnal processing algorithns after the picture is taken.

[ 00048] The apploptodiuidgrandholpgraphic arcrosespohFaP Mt Hnkketaconpansienale| ect i on

procedures | ead%h&t%ﬁ%&lg%gﬁtr %eg&ég)%%ﬁ hl%'ig&fatiénhoeﬁv (oRR EMC&%%%%E on when

anal yzing | arge 'nu eci mens. Srnce mcroscopes normally record
ort hogr aphi ¢ i megashqt hpebesp edtin, vebjedt evwde repinegerftthaingosonay andtheook at

sospect[ens, |0 ARG RPLLLE SSBA" i Db el F R ot speet v
resul ts) and speuiHMcoreyad Ereploy liflalfekl podkrihg wesenerh® @0UQk Stthograptdge f r om a
captured |ight fviie%s%hdfgp gers?plegtlevreQf;iai;[\xirsy'ﬁllé/astuusp%g thseyarr]ltgu grtlim(l:it of rays that
have been captured, such as disclosed in Ren N, Marc Levoy, Mathieu Bredif,
Gene Duval, Mark Horowitz and Pat Hanrahan, Stanford Tech Report CTSR
20 2005-02, Light Field Photography with a Hand-held Plenoptic Camera ,
found at graphics.standford.edu/papers/1fcamera-150dpi.pdf, which is hereby
incorporated by reference in its entirety. Since the LF-OFHM separates image
acquisition from the selection of viewpoint and focus, the LF-OFHM is used
as a "digital viewfinder" where focus and viewing perspective are manipulated
25 by signal processing algorithms after the picture is taken.
[00048] The application of computer vision algorithms to these selection
procedures leads to greater automation of the microscope operation when
analyzing large numbers of specimens. Since microscopes normally record

orthographic imagery, perspective views represent a new way to look at

30 specimens. In addition, adaptive depth of field and spatial (perspective) views



aperture photography to produce views focused at different depths, as

5di scl osed in Levoy, M & Hanrahan, P. (1996) Light field rendering. Proc.
S| GGRAPH w02612/@17942, and | saksen, A, McMIlan, L. & Gecriuseoi185984 (2000)
Dynam cally reparaneterized |ight fiel @s. Proc. Siggraph 2000, 297- 306,

whi ch are both incorporated by referenle in their entireties. The ability
to create focal stacks froma single input inage allows noving or |ight
10sensitive specinmens to be recorded. Finally, by applying 3D deconvol ution
to these focal stacks, such as disclosed in Levoy, M, Chen, B., Vaish, V.,
Horowtz, M, MDowall, |I. & Bolas, M (2004) Synthetic aperture confocal

i magi ng. ACM Tr afishe sperit@raiptriesss s¢iBitody (BivGGRAPH)ga@B(18jults BR8- 834, which is
her eby incorporaSt&gﬁct%ty\x;?\ev%efaggcgsitiw%sits entirety, one reconstructs a stack
of 15 cross-sections, ch 4§ PVSE i zed usi ng vol unme rendering, such as
di scl osed in a4, BraAing(fiD84gap@ptd kight fisldcineanemgivlyorsesgothytic cel | ul ar
architecture in three dinmensions. Ann. Rev. B s. Bigeng. 13, 191-219,
Which i s her eby PHEGE iR By PerErisedvusd S IR FoB5 S 000507 The

ext endeds pr oposelkchyst i@ MepsyOW. deHadaldb, M i(5998) Ligat fiddreadsingORwal ysi s of a
sample, with the_jnplenmentatjon of t hree- di pensi onal  hol agr aphi ¢ i magi ng
system This thrségggﬁ%@n&ggﬁdl"%éﬁ%ﬁ@f%@ﬁewﬁwlg?’Ia'%G@Hﬁ’%’ em t hr oughput
to be achieved, (v ByfenlibdIReEpOmdlirfteLenticRAMRbE SigafBh R0MPed;-and anal yzed
in parallel. [00051] .The Er esent invention is particularly beneficial to

t he devel opment 386> o8¢l 4ig Ao tcerneagdydefepppeiaeaigptifsg et Teshlith di c

conponents to pep LREETGANGRRS frdhiaQhe® inflithidenowSALTPE: AW, | abel i ng and
ot her preparation steps for biological sanples to be analyzed. In addition

to the tlsting oesiiEsPecuRIS e §e repasdede kgl &y applyingidét decotvolitise s e
di agnosti cs coulglpe,RRELR! TRA-as AVBOLAPES QVE, (Bxh 511 s chnol ogi es woul d

include accurate, rapid and cost-effective 30tHree-dinensional detection of
cell's without tHerewsie, df. Melnewdll, &nkd Botahdyl. (2Q00) Swrfhetistapentiat comdgrst at or y- bound

e by o G R, GRS S bR g v =
decr easi ng anal ysheelyiin@®ramded byprefovinag int ibenacau pacpcabiriditen davdlofsi s.
]l 0005215 As an %%(oaSerQéc%or?st whiz r1s| \%s?f}a.izr]e% u%‘irrllg l\‘foFlhrcr?g lIﬂMdeI%lngMSIE:CEI%Q dlslvgigsl;gls
in Agard, D.A. (1984) Optical sectioning microscopy: cellular architecture in
three dimensions. Ann. Rev. Biophys. Bioeng. 13, 191-219, which is hereby
incorporated by reference in its entirety.
[00050] The extended proposed system provides a 3D visualization and
20 analysis of a sample, with the implementation of a three-dimensional
holographic imaging system. This three-dimensional technology enables a
high system throughput to be achieved, where a number of different samples
are imaged and analyzed in parallel.
[00051] The present invention is particularly beneficial to the development of
25 diagnostic devices, by developing microfluidic components to perform
concentration or diluting, sorting and, labeling and other preparation steps for
biological samples to be analyzed. In addition to the testing of water quality,
for example, a variety of disease diagnostics could be performed. Advantages

over existing technologies would include accurate, rapid and cost-effective

30 three-dimensional detection of cells without the use of lenses and other



progressive scan CMOS i mage sensor is preferably used. The sensor
preferably consists of a 2048x1536 pi xel array, each pixel 1.75p.mx 1.75
p. min siwe,2wds79an i magi ng area of 3.61lmm x 2. 72mm  PCrABGR&E3j059484 shown
in FIG 1, the system 10 has a LED arrfy 40, a mcrofluidic 10channel 28
wi th biol ogical sanples 30, a di sposaﬂ) e chip 23, a inmage sensor array 24,
and a layer with apertures 50. [00054] As shown in FIG 1B, the system 10
has a |ight source 40, a gold layer 26 with apertures 38, a mcrofluidic
channel 28, an inage sensor array 24 and a nobile comruni cation device 99 (
a cell phone). 15[00055] FIG 1B illustrates the imge sensor 24 from above
wi t h the bi ol ogicomtensarplabor30Onyf-bamil agd bilkyomghostépy mathrdsfInwilditien tthannel 28
at a set speed (m,s). Wt eference to Figure 1 th stem 20 preferably
i ncludes an inaéléghst?elrr?lslgpug%?nega ?\ﬁ% a Sg“rmg/ ?lﬁaena%l%l?agﬁﬂeﬁiyn |}y(§ISCO annel 28, a
gold layer 26, aalRphE draaypeicalB4lcandsimranalysiayimohind ipsovify thd 8audOkdf The gol d
| ayer 26 has a %'\}(R)ﬁp&l U(ality of apertures 38. [00056] The pol ynet hyl
net hacryl ate (PMVA)"*PaYer 32 of 600 nmin thickness has been preferably
Spi n- coat ed t pOpFANansae edanglld dfxbiRicadiey Of LR-OEHMagEic®ans™T024. I n the
present invention, the thickness of the PMVA | ayer 32 is preferably thicker
than normal to im%%r%sgg‘ésqaﬂé%@itma&ﬁsgﬁarlaﬁ@fﬂrﬁﬁywéoifmeagprof 25t he LF- OFM
The gol d layer %@ef&r&bl?@&ns@&%f@20}11@(1536315i%1|a%ﬂie§c}ﬁh%]m@'s;u%&-1.7’5 gt al
evaporator with a thermal source is utilized to deposit a 300 nmthick gold
| ayer 26 on top ®fizenathpRiRaging e &30l X2 | ayer t hi cknesses, the
outlines of inmoyijdual seiwehFiare il $aehnoBhes UBYaFayiVainiBHgicand the
surface is sufficiently flat to all ow subsequent bonding of a PDVS bl ock
30cont althi ng a rehemekI8uvidh Riokopisrlsampleh® ardisgosehieship 2Rot Inngk fsethi s step, a
12 focused ion beammBghh RSl SikaRfu@se || arrays of apertures 38 on the
gol d | ayer 26. Then anot her 200 nm PVMMA | ayer 34 is spin coated on the gold
| ayer 26 to pt®0ett seheapeinttliel Bghe syktemdpalrps dighigiourchd0.aymotd layes 38 is in
the order of 0.% . : r&f | pm apart
(equal 5to 7-pi )ggﬁr\;Hv}\ﬁ%tgﬁusﬁ . ihg{l(ﬁaglﬁglf?g%gaaﬁé%@gggg%g%%%%%%@spm apart.
The rel ativel y winebils panimngicghoideect 99 fackd phondpt i m ze t he spatial and
angul ar, resol yt. o] - OFM system _Thi | | gws f an..addr essabl e
apat al ¥ ecol SN GEG1 MhaGTHR MG et B M0 (RIBOEHT 0 g
ensures that theaapledddivemg3broaghethe aidrofiaidic ebhndel28ct b yet afed éma).si ngl e
e el Y SO FORRRE  BORL (RlerP¥Phrck B kb dn Bhggess Fimally.
sensor 24, a PMMA layer 32, a microfluidic channel 28, a gold layer 26, a

PDMS layer 34 and an array of LEDs 40 (40a-40k). The gold layer 26 has a
20 plurality of apertures 38.
[00056] The polymethyl methacrylate (PMMA) layer 32 of 600 nm in thickness
has been preferably spin-coated to planarize a surface 24a of the image sensor
24. In the present invention, the thickness of the PMMA layer 32 is
preferably thicker than normal to increase the spatial and angular resolution of
25 the LF-OFM. The gold layer 26 is set above the microfluidic channel 28. A
metal evaporator with a thermal source is utilized to deposit a 300 nm thick
gold layer 26 on top of the PMMA layer 32. (At these layer thicknesses, the
outlines of individual pixels are discernible under SEM imaging and the
surface is sufficiently flat to allow subsequent bonding of a PDMS block

30 containing a microfluidic channel onto the chip.) Following this step, a



(PDVB) bl ock containing a soft |ithography patterned m crofluidic channel
is positioned onto the sensor with a nask aligner (i.e. with a Karl Suss,
MIB3). [ OW0=2@i2/06mm@7channel 28 is preferably 35 pixels (B6TASWIIH 83 = 61. 25
pm in width and 20 pmin height. Thelghannel width is an inportant
paranmeter for 15the LF-OFM since this determ nes angul ar resol ution. For
the paraneters descri bed above, the angular resolution is preferably 35

pi xel s/ 7 pixels =5 pixels (or 8. .75 pm. The channel 28 is preferably set
at an angle of 3 degrees to the aperture array 20. Since the 4D lightfield
is available, the array of 7 pixels x 7 pixels = 49 pixels underneath each
of the two Iinesbﬂmapbnbhﬂnmmd@mﬁﬁy%ﬁ@@mﬂbmm@hefapﬂmtu3&mambg@dis read. As
shown in FIG 10%% t?thhechnl %ugodj gyﬁgqa %}‘ Cts'ﬁﬂ%loa}{e& natﬂsfqrms the single
pi xel s of the an tive I'gger pi X PPIESNET st P 49 pi xels
(12.25 pmx 12. Z@epm to pTdstectnleaqbemire B&t €hd (ﬁarpefterfcéltmlmlpymﬂre% lsl-ﬂzﬂ& The

time-varying tra measur ed .t hrou c ertu

represents a natorr(?e>r<0§@2 ?ﬂ H&?f@gﬁ??f?{%li[ @8@%% (%?‘H?I ui dic
channel £8. By sbtapkiengidihe The beo segBarcfatsonpiche 1apeuhupes B t oget her, an
i mage of the sanple is enerate 00058 An_extensi on of the system
descri bed abovengbté‘feﬂy‘t‘f Féﬁ"‘\cﬂ}lgcﬂfiﬁ ’@élf?@e QP ﬁ?)srpﬁﬂir]éflﬁl ﬁf}gugf t he devi ces

LF-OFM i s di r eGtRhtibR of@t EF - 8Ystddh. OTIAS SIlRG:- foﬂdﬁaubﬂ@sa&ebpﬁﬂanent a waf er
of image sensors (before individual dicing of the 30inmage sensors) is

processed. The VRSIHEONdfEe ippeingahex d @H%’?@r 54 e ﬁth‘f CPfegetBatie h a 600nm

layer of PMVA,  tBefr& ROBNECh aYRld dﬁfectgﬂib@!vé SsifNARAEH R BPclaeihOf the PMVA
| ayer. A focused ion beamis then use arrays of apertures on the

whol e attay on teepd etphever fhagellive REses. FmaOkypltswhxl%bﬁ%n patterned to

formthe mcrof '(P‘bﬁisfi bﬁb@%ﬁlnlﬁgagcﬁphtﬁ rglgh?f ﬂaﬂghé/d il FRGRnmS GNSOr s.
After this step, the wa dr ced dg packa [00059] The basic opti cal

path of the LF- @Mlglxﬁétoémﬂl@%n@rd@ﬁblaeﬂ@li allgneF(g i@ with oKed BusseMdBdent s a side
view of the sK(ﬁ)b?g‘ur 1gge 3,2§5 ﬁ]:gbg%lp% S(ég |1n§§ ?“SEP%?B‘F%% a channel

28 filled wt aV| eci men t he snmoni ¢ mask
50 has apert ur esvidi@ anthao gmnn h¢1gln1mThatha0me1Im@hus abOmpsertdb pdrametet for ough. A

uni f or i ght squr from above an erably a hal ogen
i ght ?%i exper?ﬁeﬁf%ﬁ“ uI?C%éheqetgrrmné “ferhat Tve thonaﬁorﬁéﬁoar%n? @fray of LEDs
aligned with thelespided aboge aheramgulafrﬂeealmioasmﬂfecablmﬁq)mlﬂs‘v pinclard LF- OFM

vor 10 0 s, b4 5k 9 OB, 8B 4031 RL, £L,1 ook PIMRER! 51 124,
uni form i ght sautheeapétrapplyi2ed Efiﬁ@ﬁheﬁh@ﬁ@htﬁﬂd icanildde, hchahpgen |ight for
pixels x 7 pixels = 49 pixels underneath each of the two lines of pixels directly
20 below the aperture array is read. As shown in FIG.1C, the technique described
effectively transforms the single pixels of the OFM to an effectively bigger
pixel consisting of 49 pixels (12.25 pm x 12.25 um). The readout rate is
preferably 1.3 kHz/s. The time-varying transmission change measured through
each aperture 38 represents a matrix scan of a sample passing through the
25 microfluidic channel 28. By stacking the line scans from the apertures 38
together, an image of the sample is generated.
[00058] An extension of the system described above, particularly important for
mass production of the devices LF-OFM, is directed to wafer level processing.
In this embodiment, a wafer of image sensors (before individual dicing of the

30 image sensors) is processed. The whole wafer of image sensors is spin-coated



experinmental purposes or an LED, or array of LEDs aligned with the aperture
array. [00060] As shown in FIG 2, in this specific case of design geonetry
in Fi gurew0,2tms119nit cell of the plasnonic nmask 50 conMpPCTAB3013R5ER4
apertures 38, each 20with 0. 5um di amsﬁjr and 1. 75um center-to-center

di stance. The plasnonic mask 50 is preferably 300nmthick. Upon plane wave
illumnation, the light field distributions under the plasnonic nask 50 are
presented in FIGS. 3, 3A and 3B. Their correspondi ng pixelated intensities
of the CMOS senor are presented in 60, 60a, and 60b of FIGS. 3, 3A and 3B
respectively. The 25different colors represent different intensities in 60,
60a and 60b whi ohthar @Oumdayect of RMMz’nmenladDOmrh®y31D)ﬁgcrbjgeev®omt¢é ogel | . The

apertures 38 are prefe space 2.25 .phm a ual to7p|xel wi dt h.)
There is prefer a?ff)yqurlloﬁg[g/}e‘é\[dl & a %Clﬁsedm&lb%% i ra %S%? emgﬁrer?ysurfe 38 and the

pixels. It is napemﬁ@e:msherwhmlaarphymtolabhye ajlaggrsertshte ApR&)M&le)cmsr ays since
it is possible cal.i br LE- te 14 [ 00061]
2D nunbrs cal oi HEPAETSRE RGN ERETTRIRIRG ey ¢ B minkBRE ed LP- oEM
In this speci f| (Seﬁsat‘se,Aﬂ&EthasSs‘ﬁdeQeMﬁaril;ﬂihcted@ﬁcﬂ baoﬁifige’dhe pl asnmoni ¢ mask 50
conpri ses of holes wth, a r.and 1.75um center-tQ-center

di st ance. Thezor?ﬁggb iérw%%ﬁrﬁpflm (E’Rtlh gﬁ‘@ﬁ‘ P %Méymi Fslq%ﬂﬁfeﬂé’%%cgfp\ the |ight
Sfield distri butyigesreprodats atsmvﬁaa@&fftaé@s@ﬁﬁﬁﬁmﬁ@g/sﬂeﬂl olifPudesa 3A and 3B.
Their correspondi ng pixelated intensities of senor are presented

in 60, 60a and BORSTERPESS |3\F§P191613|8I1@leélwlfh§‘ia@ﬁ§5 &ltﬂl@?fglgraéﬁﬁ’cé‘@@’rﬁ di f ferent
intensities in GRbreif0RpANHROR WY GRPuRE 38 SBBr a1k EHRASH idheto 3D | mage of

the cell. [00062] The systemis further extended to a nulti-1Tayer process
f or raple and 10parathrahpAsweees hght spurecinpprdisd Fomaibpfeandit dept hs, as

shown in FIGS. efAi‘le %%al%?gl l‘%;q;t fo}-lak&rl%htral ﬁlrﬁ@%&sércﬁﬂ%aﬁ% tLE:ﬁ the

t echnol ogy enabl es hroughput systemto be achi eved for accurate and
rapid anal ysis @Fa@@mﬂlé@stabgmféméﬂhwmre aFayhTihd esofonigi rodsk detigmnel 28a,

755 of sanpl oo g LN bl SR BERFRET vilfor UEREGR (0063
Simlar to the ispage 10 dgocist mutgurod wiéd:ﬂmliemtsmgsidrommt)fahé ongh Whot ogr aphy
socd, b ver. M CASER IR Rl 3RS TS B B
enbodi nent t he pxpsmmntal puposes omanLEB;tor ﬁnrer}dnsf ItHDa ahgqm;dimgl the gpertpiexel s to
array.
[00060]  As shown in FIG. 2, in this specific case of design geometry in Figure
1, the unit cell of the plasmonic mask 50 comprises seven apertures 38, cach
20 with 0.5um diameter and 1.75um center-to-center distance. The plasmonic
mask 50 is preferably 300nm thick. Upon plane wave illumination, the light
field distributions under the plasmonic mask 50 are presented in FIGS. 3, 3A
and 3B. Their corresponding pixelated intensities of the CMOS senor are
presented in 60, 60a, and 60b of FIGS. 3, 3A and 3B respectively. The
25 different colors represent different intensities in 60, 60a and 60b which are
used to reconstruct the 3D image of the cell. The apertures 38 are preferably
spaced 12.25 pm apart (equal to 7-pixel width.) There is preferably no need to
align and calibrate the aperture 38 and the pixels. It is not necessary to

physically align the aperture arrays since it is possible to calibrate the LF-
30 OFM system 10 in software.



20aperture array, and fromthere the positions and directions of imaging
rays. The entire calibration procedure, including inage capture, is done
very qui cwbypoendi1®fif ectively in software. [00064] The systramseaansdssst her be
extended to a nmulti-layer process for rapld and parall el processing of
sanples at different depths. This mul ¥ di mensi onal 25aspect of the
technology wll enable a high throughput systemto be achieved for accurate
and rapid anal ysis of sanples to be perfornmed. [00065] FIG 5 is a nethod
1000 for using a 4D lightfield. The method begins at block 1001 by
recording and controlling the 4D lightfield captured in an optofluidic

m cr oscope. THWOAEt hdd nalnsocal siclulrtiess sivwhhoerkib@@Rinapletofithepgopd®di ght fi el ds
to permit manip Wpoi, nt and facu he, snapshot, 15 has
been taken. TheQE%©ﬁgth%mSW%n&faﬁéweaﬁugF%m?nﬁdﬁ Of& %NP%ECF?&%t field
rendering to gememampn@bbfahecmwﬁmmgmamhnmuyamMB7ﬁmm&mkxp@camﬁct|ve Vi ews.

The net hod also ncIu S 4_appl.yi ng comput er vij Si. al gorithns
Lotthe 11 ghet: oldiregEe g R ot Hke kP B e B fonnd e ope
operati an Swhen fendidbnpnaudder ¢e e peesaftedSipEGIBNSA alheB atkgit i ve depth
of field and spati al ers Vi ews speci nen i ncrease
sensitivity (fe\f&BVesPﬁ‘é gﬁ 95\7’5‘)“?18% él}ﬁ[ﬁg ‘ﬂfg@feffir%ﬁe?tﬁd f r faI se
positives). |magea am&&gpe&ivlegmwlﬂgfemm@ﬁﬂe@maalff@l@mlﬁ@ﬁﬁmm Sinmilar
to the method used for conventional optical mcroscopes, it is possible to

first find the m@pPflargd Qowhich pmndesedioperonsiaict 1 mnageohipe cgthd from t her e

the DOS'tlonS(@Oézd'Tﬁ§5h%ﬁﬁs@h&kﬂ%&mﬁGiﬁ%MﬁMUTﬁérﬁﬁéaﬁEn@ﬁid&%@t'On
procedur e, |nclud|ng i mage capture, can be done very quickly and

effecti Woly in gerilreccsyipodaaPpIF adiferens depts, gyyhetvaim FIGH. % 4et hod 2000
for generating aiB4EBdl4bg@ﬂ1E hﬁ‘ﬂtﬁhﬂl&ﬁ%ﬁal al@:%t mﬁmgm'oﬂ)%%’ H%?es%th l'ock 2001

reading a plurality of les at a Srate to capture lightfield of
a bi ol ogi cal spé@bmﬁmUWW@mmﬁ@b¢wmaW &F@@mumﬁﬁﬁgmnﬁawhéw0f$ﬁ@ﬂ%ﬁphod al so

i ncludes at bl 0%%ﬁ%28%1eﬁt G 9 @egﬁﬁa‘lbtc%%?ﬁe %ap%%{ Ay n R didy|38 v&iﬁad' ngs

together. The net So |nc ocC 3 generating a lightfield
i mge of the bi didgiichbpespeos B nlma@0D67Pk afd Gib/ofissmples foogach et arof a met hod

3000 foyg fabricaping aqckFs OaiMng ac

[00063] Similar to the image reconstruction method using computational
photography used in Levoy, M. (1988) Display of surfaces from volume data.
Comp. Graphics App. 8(3), 29-37 for conventional optical microscopes, in
one embodiment the present invention first finds the mapping from pixels to
20 aperture array, and from there the positions and directions of imaging rays.
The entire calibration procedure, including image capture, is done very
quickly and effectively in software.
[00064] The system can further be extended to a multi-layer process for rapid
and parallel processing of samples at different depths. This multidimensional
25 aspect of the technology will enable a high throughput system to be achieved
for accurate and rapid analysis of samples to be performed.
[00065] FIG. 5 is a method 1000 for using a 4D lightfield. The method begins
at block 1001 by recording and controlling the 4D lightfield captured in an
optofluidic microscope. The method also includes at block 1002 capturing

30 light fields to permit manipulation of viewpoint and focus after the snapshot



20The net hod i ncludes at bl ock 3001 spin-coating a polynmethyl nethacrylate
(PMMA) | ayer having a thickness of at |least 600 nmto planarize a surface
of a progwessizei®ean CMOS i mage sensor having a 2048x198®/ysaxelosass ay,
with each pixel 1.75 p.mx 1.75 p.min_size, with an imging area of 3.61nm
x 2.72mm The nethod al so include at B ock 3002 depositing at |east a 300
nm 25 thick gold | ayer on top of the PMWA |ayer with a netal evaporator
with a thermal source. The nethod al so include at block 3003 milling arrays
of apertures on the gold |ayer using a focused i on beam nachi ne. The net hod
al so include at block 3004 spin-coating a 200 nm PMMA | ayer on the gold

| ayer to protecthag b@naﬂken.t Tireamethdral gi incladediaalvimlekOO@femp]@eingrbighttﬂeﬂcb is at

| east 0.7 30pm réann i1 Ogr tt folgl-%g Eo 1cv1ewsoan%Fo IS ec1t5 %\9‘ art. The

nmet hod al so |ncTJ% B oekls0 g;pﬁq)acmg a pof?JI) y S1'T oxane ( PDVB)
bl ock contain|ng%an&dbﬂahbmhmghamhmxpaOWEQmemnnkmmokkumdne@ohmnmel onto the
sensor with a S | jgner.. [00068]l. FIG 8 is a flow chart a met hod 4000
For fabr! cat | ng it BB asiRe ety el dPBRSDR® a6 0BT ocossi ng a
waf er ofs a plur aifHehylnzﬂjf'zmg’mg%e&emBﬁB sf sp?ﬁﬁleﬁﬁst'[hﬁddipﬂl@b veheis offield| ock 4002

spin-coating the wafer of a ralit e sensors w.th_a 600nm | ayer
of PMVA. The net#fi aPaltlhlc(P%ra%egP \aﬂbj Vﬁwaeﬁthaéle?gmé%d%?aaﬁ WA BOENT | ayer of

gold on top of teige RMMEVelradifs). anamcﬁﬁw@wbmk@g@&w@@) bfh k 4004 nilling
arrays of apertures 10on a whole array on the top. of g sensors

usi ng a focused [FOASBIEHNR USTIECORB RHOR H‘&t%@%lya?mb‘?‘bt@ﬂh%ﬁﬁgo ferning a

PDMS bl ock to fQBﬂkﬁV&ﬁ@ﬁﬂéﬁﬂh@hﬁnﬁaﬁﬁBQ!mﬁ&m%ﬂﬁomﬁﬁﬁﬁaﬂﬁ@&@p%& the
i ndi vi dual i mge sensors e met hod i ncludes at bl ock 4006 diCing the

waf er. Tthe net hdtbn pisels peperyre pirge Rnupen theacteagesiéns achdisretienef | mage
sensors. 17 O gj,08nd A0 '[@i@ ehtkth Qallb'ragi*ah decgduQ'e AR UhdbCcdhed @aFOPe system

conprising:. a pIurallty of plasnonic | enses
be done very quickly and effectively in software.

[00066] FIG. 6 is a flow chart of a method 2000 for generating a 4D lightfield
image. The method includes at block 2001 reading a plurality of tiles at a high
15 rate to capture a 4D lightfield of a biological specimen flowing in a
microfluidics channel. The method also includes at block 2002 stacking each
of the plurality of tile readings together. The method also includes at block
2003 generating a 4D lightfield image of the biological specimen.
[00067] FIG.7 is a flow chart of a method 3000 for fabricating an LF-OFHM.
20 The method includes at block 3001 spin-coating a polymethyl methacrylate
(PMMA) layer having a thickness of at least 600 nm to planarize a surface of a
progressive scan CMOS image sensor having a 2048x1536 pixel array, with
each pixel 1.75um x 1.75 um in size, with an imaging area of 3.61mm x
2.72mm. The method also include at block 3002 depositing at least a 300 nm
25 thick gold layer on top of the PMMA layer with a metal evaporator with a
thermal source. The method also include at block 3003 milling arrays of
apertures on the gold layer using a focused ion beam machine. The method
also include at block 3004 spin-coating a 200 nm PMMA layer on the gold
layer to protect the aperture, wherein a diameter of the aperture is at least 0.7

30 um, and each of the apertures is spaced 12.25 um apart. The method also



5at | east one mcrofluidic device; a conpl enentary netal - oxi de
sem conduct or i nmage sensor array; wherein the systemis capabl e of
gener at i nyoaolasi®lzi ty of three-di nensional inages util PErng2@14B484
lightfield through conputational phot ﬁ)%r aphy. 102. An on-chip light field
optofluidic mcroscope systemconprising: at |east one plasnonic |ens; at
| east one mcrofluidic device;, and an i nage sensor array,

wherein the systemis capable of generating an inage through

15conput ati onal phot ography. 3. The system according to claim2 further
conprising a nobile comunication device conprising a canera, wherein the
nmobi | e comuni cabdlale adblw:lcﬁ)()iSsplmimgzclbrdyﬂimothylhéoﬁana@@l\é@r’[émk array to

utilize the camer bile co ni,cati on . .deyij ce Oper sonal
i hanost | ol oRp s Sr JHkEn GIRL SRLLOTAEEKIEE PRI e SRRSO 1

i mage sensor ar rva;h d 1hasi atigmpl errent ary netal - oxi de sem conduct or image
AR SR E R PR SR MY R
transporiing a hihe In@moaaxhchscamltﬂaooa@toosproeeshmglearafeabf ayluafityafphageal i ty of
aperiires on an LAl 1g, SIS, MICSIO LGB LIRELAR,SENERL g 11 um natec

plurality of image sensors with a 600nm layer of PMMA. The method

includes at block 4003 evaporating a 300nm layer of gold on top of the

PMMA layer. The method includes at block 4004 milling arrays of apertures

10 on a whole array on the top of the image sensors using a focused ion beam.

The method includes at block 4005 patterning a PDMS block to form a

microfluidic channel on the top of each of the individual image sensors. The

method includes at block 4006 dicing the wafer. The method includes at block

4007 packaging each of the image sensors.



interrupting the transmssion of light fromthe |ight source as the
bi ol ogi cal sanple transports across the linear array to generate a
pl ural i t ywof2012mee79vr aces, wherein a tine-varying transmpe3iuseoia®sass at ed
wi th each aperture of the plurality of_apertures represents a line trace
across the biological sanple; and SCoﬁgtructing an i mage of the biological
sanple at a resolution conparable to the size of each aperture of the
plurality of apertures by reconstructing the plurality of line traces from
the linear array of apertures. 7.The nethod according to claim®6 wherein
the light source is an array of LEDs. 10 8. The nmethod according to claim
6 wherein an inage sensor is prograndedist o read signals froma plurality of
pi xels directly below the linear array of apertures. 9. The nethod
according to claim6 wherein constructing the inmage of the 15bi ol ogi cal
sanpl e conpr.i sesAmsdadi hight fibke gptafilualid micraa€opeispeers cangisimgom t he plural ity of
apertures. 10. A nethrd ﬁorquinﬂ. DIlightfield, the nethod conpri sing:
recordi ng and controﬁpl%@l¥ﬂé3%fy’Fgﬂ??%eld captured in an optofl uidic
20mi cr osxope; ateast pudl raicioligidid @weej Nt and focus subsequent to a
snapshot; enploying light field rendering to generate a plurality of
obl i que ort hogr aphi c2§ lavégmawmane&qm@ﬁ#?@w%d%ﬁelf %&f?ﬂ@@r Wir¥ws; ~ and
appl yi ng conput er Vi $iheRindh@@kictBBaphble bhgenkiaghd § prtdity smBee- 25 11. A
met hod for generating a 4D lightfield image, the nethod conprising: reading
a pl ural i t yligensiqnebigiages wiligingg 4P ighticl! Regyeh pempptationtliphpieeig of a
bi ol ogi cal specinen flowing in a mcrofluidics channel;
stacking each of the plurality of tile readings together; and 30generating
a 4D | i ﬁm f3-el d Amergehinkight Heldippflyiicaicrasprneisygem comprising:

at least one plasmonic lens;

at least one microfluidic device; and

an image sensor array;

wherein the system is capable of generating an image through

15  computational photography.

3. The system according to claim 2 further comprising a mobile communication
device comprising a camera, wherein the mobile communication device is attached to
the image sensor array to utilize the camera of the mobile communication device for

20  personal diagnostic applications.

4. The system according to claim 2 wherein the image sensor array is a

complementary metal-oxide semiconductor image sensor array.
25 5. The system according to claim 2 wherein the image is a 3D image.

6. A method for using 4D lightfield, the method comprising:
transporting a biological sample across a linear array of a plurality of
apertures on an imaging sensor, wherein the imaging sensor is illuminated with light

30  from a light source;



19 12. An on-chip light field optofluidic mcroscope system conprising: an
array of a plurality of LEDs; a |l ayer of gold having a

t hi cknesswoangiag7sfr om 250nm t o 350nm and havi ng a pl ur aCirtus2afi/osgaes t ur es

t her et hrough; 5a | ayer of PDVS di sposig on the layer of gold, the |layer of
PDMS having a thickness ranging from 150nmto 250nm amcro
fluidic channel having a height ranging from15 mcrons to 25 mcrons and a
wi dth ranging from50 mcrons to 65 mcrons; a |layer of PMVA having a

t hi ckness ranging from 500nmto 700nm 10 and an inage sensor array,
wherein the systemis capable of generating an inmage through conputational
phot ography. 15 13. inéerrr@tit@tlhettmnmiissmvdfdightd‘rcmpthséiightesomiccaﬂhb uidic chips to

be inserted..i nto 12 LEOEM s ﬁsac tection ?uralql ff rent di seases

usi ng a LF- ?,I%l%le transp 0SS %Se,fl‘lélicﬁr rray Oé(%e eratea | i rmge

pr ocessi ng, tradesemlenmmh tithevening Itlaysanmanfass%ateplmﬂﬁlac}t gpeﬂflre&ﬁmel es are inmged

separately ncr.ease the throughput o nmet hod for
2pplying. Al OHLE S SR P N s gt B UREEH PR ¥ a 4D 11 ghtfi el d
picture 30 identi fy c@lstraeting an irdlee ofﬂlepb&lliﬁg%amai’mﬂ@ﬂt(ﬁ&t:%ﬂﬁlohn a plurality of
remote ar eacsomtpgraai le tot eséglé\é eacE apertuPe rt}?el I;htn)a{ht?/fof (a:gelrtluyels %y rerégrtls\‘,[\lggtli(nsg'

the plurality of line traces from the linear array of apertures.

7. The method according to claim 6 wherein the light source is an array of LEDs.
10
8. The method according to claim 6 wherein an image sensor is programmed to

read signals from a plurality of pixels directly below the linear array of apertures.

9. The method according to claim 6 wherein constructing the image of the
15  biological sample comprises stacking the plurality of line scans from the plurality of

apertures.

10. A method for using 4D lightfield, the method comprising:
recording and controlling the 4D lightfield captured in an optofluidic
20  microscope;
manipulating viewpoint and focus subsequent to a snapshot;
employing light field rendering to generate a plurality of oblique
orthographic views and a plurality of perspective views; and
applying computer vision algorithms to the lightfield image.
25
11. A method for generating a 4D lightfield image, the method comprising:
reading a plurality of tiles at a high rate to capture a 4D lightfield of a
biological specimen flowing in a microfluidics channel,;
stacking each of the plurality of tile readings together; and
30 generating a 4D lightfield image of the biological specimen.



25 16. A nethod for high volunme production by wafer |evel processing of a
LF-OFM system 17. A nethod for fabricating an LF-OFHM conprising: 20
spi n- coatwogor/geoloynet hyl met hacryl ate (PMMA) | ayer havipog/us2aihiosdness of
at least 600 nmto planarize a surfac?gof a progressive scan CMOS i nage
sensor having a 2048x1536 pixel array,”with each pixel 1.75p.mx 1.75 p.m
in size, wwth an imaging area of 3.61nm x 2.72nm 5depositing at |east a
300 nmthick gold | ayer on top of the PMMA | ayer with a netal evaporator
with a thermal source; mlling arrays of apertures on the gold |ayer using
a focused i on beam machi ne; spin-coating a 200 nm PWMA | ayer
on t he gol di2 ayekn ¢mchy bghe EicldtopefliBlaperctasc@e syen edmpravingi anet er of t he

aperture is at least 0,7 ngd..ea f. the apertures is spaced 12.25 pm
apart; and pl acing aarf)%r ngrpr%@?lﬁéf%lof@%gsrie (PDVB) bl ock containing a soft

| i t hography patt er ned layecsfafldiiaging achiekmeed raggit Ofrdrh @ SGaned@S0wntahd a mask
aligner. 15 18/ MRLN9Yr LRl RRERGAEI MY an LF- OFHM conpri sing:
5 a layer of PDMS disposed on the layer of gold, the layer of PDMS
having a thickness ranging from 150nm to 250nm;
a microfluidic channel having a height ranging from 15 microns to 25
microns and a width ranging from 50 microns to 65 microns;
a layer of PMMA having a thickness ranging from 500nm to 700nm;
10 and
an image sensor array;

wherein the system is capable of generating an image through

computational photography.

15
13. A method to allow for disposable microfluidic chips to be inserted into a LF-

OFM system to enable detection of different diseases using a LF-OFM platform.

14. A system for performing parallel image processing, wherein different layers of

20  aplurality of samples are imaged separately to increase the throughput of the system.

15. A method for applying automated computer image recognition algorithms to a
4D lightfield picture to identify cells in order to perform diagnostics in a plurality of
remote areas that are served by a plurality of cellular networks.

25
16. A method for high volume production by wafer level processing of a LF-OFM

system.

17. A method for fabricating an LF-OFHM comprising:



processing a wafer of a plurality of inage sensors;

spin-coating the wafer of a plurality of imge sensors with a 600nm | ayer
of PVMMA, WOevepwi®ari ng a 300nm | ayer of gold on top of trhe/RMMKIEEgEr ;
mlling arrays of apertures on a mholgoarray on the top of the inmge
sensors using a focused ion beam patterning a PDMS bl ock to
forma mcrofluidic channel on the top of each of the individual i|imge
sensors; 25dicing the wafer; packagi ng each of the imge sensors.

spin-coating a polymethyl methacrylate (PMMA) layer having a
thickness of at least 600 nm to planarize a surface of a progressive scan CMOS image
sensor having a 2048x1536 pixel array, with each pixel 1.75um x 1.75 um in size,
with an imaging area of 3.61mm x 2.72mm,;

5 depositing at least a 300 nm thick gold layer on top of the PMMA layer
with a metal evaporator with a thermal source;

milling arrays of apertures on the gold layer using a focused ion beam
machine;

spin-coating a 200 nm PMMA layer on the gold layer to protect the

10 aperture, wherein a diameter of the aperture is at least 0.7 pm, and each of the
apertures is spaced 12.25 um apart; and

placing a polydimethylsiloxane (PDMS) block containing a soft

lithography patterned microfluidic channel onto the sensor with a mask aligner.

15
18. A method for fabricating an LF-OFHM comprising:
processing a wafer of a plurality of image sensors;
spin-coating the wafer of a plurality of image sensors with a 600nm
layer of PMMA;
20 evaporating a 300nm layer of gold on top of the PMMA layer;
milling arrays of apertures on a whole array on the top of the image
sensors using a focused ion beam;
patterning a PDMS block to form a microfluidic channel on the top of
cach of the individual image sensors;
25 dicing the wafer;

packaging each of the image sensors.



