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Chapter 1. |l ntroduct

The research aims and background wi l |l be i
di scuss the motivation and background. Foll
wor k wil | be introduerldanadd chl usr eas cpeonrctea !
Section 1.3 wil |l -biansterdo dautei caa | s nsaercttpihoonnien g
theoretical research aimed athaseduaoipng cah
sectioning microscope wil/| be presented in

oudtine the research ai ms and contributions

outlined in Section 1. 6.

l.1Moti vatBaaka@gmaund

Mi croscopi cal i maging is an intuitive way
di agnose diseases. After asccqauier i mbyj eicnasg, e sw
analtyhee r morphol ogy, l ight i ntensities, or
For example, we can diagnose sickle cell di
[ lalnd cancer cells using i mmunofludr2gscence
However, commer ci al benchtop microscopes a

benchtop microscopes can be cHalmidrdgi mg eiars

I n response to these LiPMsmat jeagppsdthri altee e

solution. These devi ceesos te sgpanvde eagfefdo rfdaarb i d o

extend their sappMszmatsiognisfciemamtloy facilit
and biomedical 1 esne daredflo airt e e spaawsrtcedecade,
witnessed t he fast devel opment of mi ni at
el ectronics, and data processing units. 3D

manufacturing efficiencyscofsdciploirttatbil eg mii lte

for POCT applications .| earesntiffreghte gdbewe loop merst
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r etail me i ma gbeo casntdilenygsyi sc,Lapaci ti es[ 3Inpamagense

recogh4ftand i maging qdqwgdglity enhancement

However, the widespFrceoasdt apdoorpttai bolne onii ctrhoessceo p
by sever al critical chall enges. Firstly, t
these devices are often complicatesde,. maki n
Secondl vy, the necessity for data t-o be tr
analysis introduces del ayts mendmekhmpems at he
crucial factor in many <clinical amei f i el d
design for particul ar application scenari
applicability across diverse research fi el

my first research project pr opcoossetsafpohee dev

mi croscope characterized by its simplified
time analysis capabilities. This novel mi ¢
fluorescent i maging, ensuring bsrcoiapdl iampeds .i c .
Mor eover, optical sectioning microscopy re
the diagnosis of diseases, particularly th
cellular arrangemerts®.|l utt ooam mpygewswi o miudh
a specimen. This feature is particularly b
subtl e morphol ogical changes at the cell ul ¢
by traditional mi croscopy techniques. Nev

mi croscopediimntedsaunreas faces significant
their high cost, compl ex operation, and
Consequently, -cposotposephgcal Iscemcti oning mi ¢
smart ptdmel togy presents a formidable tool
di agnosi s ciomstrreasionneader egi ons. The advance

technol ogy have equi ppedqunmaolsitt ys ntaarnieprhao ne &
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power f ul Il lumination sources, and super.i

promise for bioimaging appl i caltiinnintsed Teor easd
and the availability of optical sectioning
smart-phead optical sectioning midrepsgdope.

t heoretical i nvestigation aimed at further

Overlaldevel oped two oLPiseti nt dhirey rdseftneashyd d i s e a
detection and advanced POCTOdevi sceogs tWiotwh |
cust omi-preidn t 3 miapradd edporie gn atblydses i s a

smar t-p b ehhidloopt i c al sect iVanliindga tnniocnr oesxcpoeprei. me |
conduwent ebdot h systems t obisochnoend itchadli m anpabgyi ennga i @
detail ed t Heoaor etmpdcaylio hsghsdydy rag mi ni mi ze t h

Hi Lo mi drsosaacpwded

1.2PA1T M M| Por teanbhlaeRrlcdedb r e scenc

Mi croscope

LPMs can be widely us6edd wel PO@F amppltiheatdied
and drinking wat,edh] celsibmimcathmatslkease areas,
application of LPMs <can significantly enh
di agnosi s without incurring excessive cost
and electronic devices, -mestolLmPédc d ecapriG i
and sensors at a relatively | ow cost. Ho we
specific applications, and their opt omecha
often requiring devel epment Abdgi tpirorfalsisy,on:
function solely as microscopes, necessitat
camera sensors to computers f-oetilameal d/astias b

processing. Therefore,t toejrecteaacéd wwmbsolf
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devel op an LPM with a simplified optomecha
I ntegrate an Al edge computing ptomessing

analysis without the need.for data transmi

1.21Cel | coumMpergf fromance validat.
Cel | counting is a fundament al technique
practice, essential cfeolrl squiannta fsya mpgl et.h eT hnius
for understanding cell growth, viability, &
the health assessment of <cell cultures in
i n medical settliingsoudtriamgt hasablkgn manual
devices | i ke hemacytometers under a micros

automated systems and sophisticated techno

speed and accuracy. PDesphee de mafafde cét d vyvaern e

accessi bl driamd!| yuseel | counting met hods
devel opment of innovative tools and techni.
Il ntegrating Al functionality into an LPM

solution, particul-Brmytbdnetitti agsfobyrdsm

to advanced research tool s. This integrat
vari ous =expertise | evels to obtain accura
portabil-iitmeaadalegsals capabilities broaden
potoActar e diagnostics, fasmaki hgti Addismmed a lal
adaptability promotes continuous enhanceme

automated data management supports more pr.
subjectivity and errors associated with m
promes to advance the precision and reliab

and medical domains significantly
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Empl oying cell counting to validate the pe
Al al gorithms i's a strategic move, capit e
guantitative nature of cel | counting in t
met hodmdtoggnly assesses the system's abili
variability of bi ol ogi cal samples but al s
research and clinical di agnostics. Such a

the microtsemtpieals tpo revolutionize access

analytical technologies, positioning it as
i nquiries and applications

1.22Use of models as biological pr
I n this study, bead phantoms were utilized
facilitating t he standardi zati on of expe
reproducibility of results. Thiemef omode¢l Ibe
offeg a controlled setting to examine speci
variability typical of biological speci men:

were employed for counting and segmentatiao

samps brings t-hertmeséehbil bDfyland the prese

subcellular structures, rendering them suli
functional viability. Conversely,qtiresh bl c
the assessment of <cellular functionality a

t he dynami c properties and reactivity of
effectiveness and complexity, empl oyi ng be

repsrent s a suitable approach to validate th
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1.23Met hod of i mage analysis for c

Before the widespread use of neur al net wor
sever al traditional I mage pr ocesTshiensge and
met hods primarily relied on techniques tha
or computational resources that neur al net.

For exampl e,i st lomes hoofl dti mg si mpl est techni c
converted into a binary 1 mage based on a t
are considered part of the object (e.g.,
background. This method works well when th
and btalt&k gf Ofichgle detection is also a popul ar
techniques I[ilkl0g Cahlalyl SoldelPr ewilt&p roep eursaetdo rtso

detect edges within an i mage. These edges
interest, such as cells. Edge detection wo.l
in pixel intensity.

Al t hough these hawdiprn oniad ednev dlodsbl e t ool

i magtehsey are constraindgdeoffyt ene vserrautg gll iemiwti a

qguality images marked by poor contrast or
making them | ess adaptable to varying i maf
dealing with complex cell etyustuuvaesedsaoaeh

| ack the capacity to handl e tMoe eiorvlear enthes:
met hods can#totmer aalail ysirsealnd meoedgafgat ur
LPMehoismagi ng performance cannot compete wi

these traditional al gor it hnasccfuorrasdea trae spurlotc

CNNs have revolutionized <celll segmentati o
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efficiency, [diB&] rTohbeusrt naelsisl ity to automat.
features from vast amounts of i maging data
manual feature selection and significantl
processing | arge das asmagi ngpadadapivd ngi dbsg,lv a
robustness i n pramade shsamdgl | mai styh ed aitmat,r i cat e
structures. Mor eover, the flexibildty of t

trained model s to enhaintche Isiegimeead @&dnadtoan. t Talsi

|l earning capability, c o nthii nmee dp rwo ct ehs sti meg , p oot
CNNs as a cornerstone technology in advan
opening new horizons fors.research and cl i n
RBC count is a key component of a compl ete
various conditions | i ke analelh&, Ripiarthey cyt ha
counting allows faciliimmadi apaekiwiedg uildscli isn ic

settlimgbsi.omedi c atli nree sReBaQ ccho,u nrteitanlg can provi
effects of various drugs, treat me[nt%s], and
It allows for the i mmediate observation of
l hhese scesBngoshaecmiubtroeadoppampdae pil ma egs ar
al gorit hnssegtnoe neteaat|liicoone né ¢c aegLoaimg i ng RBCs i n
time offers immediate rmeaskilng., TMmiaolisgcr
emergency situations where qui clki fdd saagwionsg s
[ 2.0h er effoorr er, & &dail men d®RBC count i nigm easncdu rsceeg me n
l' i mited area, increasing disease-tdmagnosi ¢

functionality is a good option.

1.3Smar t pbhaostegdt i c al Sectioning

Optical sectioning mi croscopy stands as
Pagebof253



(7]

r

a

e
h
i

e

rticularly awidt iim meido Ic@d i druseds etaor ciht sa rceaapsa
ner atriensgo lhu tgihomme ntshiroereal | mages without ne:q

ctioning of $pesasmeesapphioschopreserves

mpl es, enabling continusessesobdaevateicohmi
mpatibility with fluorescence miodroscopy
cus |l ight, significantly enhancee i mage
tailed examination of cellular structure:
rsatility and quantitative i maging capab

ectrum of scientific disciplanesngmaking

derstanding of complex biological system
wever, the high cost and substantial si ze
mi t t heir availability, ,eepmedicalaryedaisn u
s oluirmiet ed Tadireraes ot abl e gap in research fo
chnol ogy mor e accessibl e; few studies

vel opdonsgt ,| opjor t abl e versions of optical ¢

i s gap by creatingalafsectdabheng pmrtabbk.
gni fi aaocel yneahbhhcare standards and faci

S oluirmiet ed regions, thereby promoting a mc

advancement and healthcare solutions worl d

1.3JHi Lo mi croscopy

As an advanced optical sectionwongks$ mhyging
acquiring two iIimages of a speci men: one v
traditidneaell d wimder oscopy) and aumo tfhoerrm  wi t
i Il umifrRdt]iTbe structured i1l lumination i s t\
striped pattern onto the speci men. These

combined to produce a fuwreasloliumage fRat ur e
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st

I men whil e si @diofciucsdnitilgyhltreedu aif og mawt o

d in chapter 4 and chapter 5.

ough there are variety of 2@plsilgdadt s ect
ofe8pygnd conf od¢ &JMimioc rnoisccroopsyc opy pr esel
nt algierpd temeint mngr Bscopy caenf fleectmoree tbh@:
i ng gie ed SI Mmi orocsomplydcscyasnt ebme adapt e

ti Ag elwd dd |l uorescence mi croscopes wi t

i fications, bypassing the need for the

compl ex systemshéekemicondd aafces n dF dgih g
t microscopy necessitates an -sahdedeitt i on a

mi nation patteropsehivahiion opthecgonalt:

i tical benefit o f Hi Lo microscopy i s
I mens, an essential -ccednsiidmaa@itngnt d om:
i men health. Unlike confogalt emisdrngsd ar)

nihrag may cause significant phot obl ea
oscopy empl oys | ower -slhegehtt minctreonssc ap ye
mi zes photodamage, its costs are consi
mi cTrhoes c@mpgylwi t h mareyet| imglctr oscopes i s

|l e mounting requirement. Mo s t wi || no

ugh thelsame objective

mi cr oaslcgopov icdeen f aster i maging speeds

osadpyIlMnf ocal mi crosypyopywti sgvahmesgpo

i men, wh-cohsuomnnbe &smecially for | arg
tsplaeel k&A@ cr oscopy, however, captures ent
er for certain applications.
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SI'M, on the other hand, requires capturing
of t he Il uminati on pattern foonsawammgor i
especially fcoerl |dynmaamglikncgts yiet ates compl ex a

reconstruertesbhat isumgper mage f-sbimf ttehde imudges

HowewWebLo microscopy can offer faster i magir
capturing fewer Ii-magéesatb, ppptucealedy lessght i
on aplseirm computational approachuntiof oodarhlyi ne
i 'l umi na,t eddred Mmmggse processing involved in }
|l ess computationally intensive than that r

1.3.2Smar t pbhaosneed Hi Lo

Thient egofatsinmawt phoHeLO microscopy technique
case for the dceovsetl,o ppeerntta bolfe loopwt | Tlaé sect i
feasibility of wutilizing smartphones for m
continuous advancements in their camera tec
Modern smartphones-reasel equiomp ed measir aMd ,thhif @ lat
high pixel density and sensitivity, enabl i
The LED flash and torch functions serve ;
providing necessary il lumination for viewi
power of smartphones supports sophisticate

vari pus capions, enhancing the microscopy e

On the other h anan h athicLeos mincargoes copwpaH, i ty by
resol uti n edmrdd iwiadye ng, yielding clear and
contrast and reduced bac&igmpluedamdoi sest Thki
when comparing with other adBgnmedgopgi tak

convenience and acdasidbii Imatgy ngf ws mar tt hleomm
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sectioning capabilities of Hi Lo microscopy
| ooavost mi cr os c o psyy sstwoelultdi oonp.e nS uncehw-baa s ed ues f
studi es -odcnadr epodiintgnosti cs. The synergy of

advanced microscopy more accessible and pr.

The integration ofmisomacds pdhmpynest avidsh dHutL oas
compared to combinations with |ight sheet,
spanning hardware requirements, s.ofFtiwasrte c ¢
Hi Lo microscopy requires mini mal har dwar e

with the compact and integrated design of

syst ems, which necessitate el abopawer set up
|l i glotur ces, Hi Lo cansibmepliempdpetmecnale dmowdiitfhi c a
wel | with the port abned UWEY dfl asmarnthp samaes p
suitable for basic illumination in HiLo mi
coherence required for techniques |ike Iig
rely on | aser souMecrBoMeermidrlowasd m@y-iloenver ac
resol uti on sensors of smartphone camer as
computational reconstructi dmitsoiacHhieswe dey
compared to the compl exspddd mimmaagtii nogn rpeagtutierr

which may exceed the capabilities of stand.

Ther eefhoer eccombi nati on o fmiscnraorstcpohpoyn eosf fweirtsh aHit

bal ance of advanced i maging capabilities,

particularly suited for applications where
considerations, t heu sf oprr oivtid i ch@v el osptrmeonntg acna
compl ex andle nhaanrddiwagr et ec hni ques l' i ke | ight

mi croscopy.
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1.33Data processi ngasthkwidihnc maospbpyge

I n the pr opoebsaesde ds nthirLtopShimincemagespwynd wi def i ¢
are directly recorded by the i Phone origina
Hi Lo al gorcoihssitnegr smar t phored fprcdaviiveei rag ta ra

for capt-qqualnigt yni gma geoBimarctapleenes are bei n¢

mi croscopy to capture images directly thro
However, the use of smartphones i n microscoc
t he -ibuiilmage filters and processing algori
these are typically optimized for gener al
mi croscopic images. This acoleoeapn e@ne rctaant il cel
and detail, whi ch i s Mor eovaelr, | B marcti pmd n d
l i mitations in terms of optical zoom capat
de@dited microscopy <cameras, which can affe

captured i magesl i phtr tdldneldarilloinmi.n altawns ar e
det achapter 6.

Despite these |l imitations, the use of s mar
driven by ongoing advancement s I n smartp
devel opment of specialized apps and attachi
making mycmoseoaccessible and versatile t h:

14Usi ng Microl ensf oAr r Miyrsi nfi MeLi
the Cost of Hi Lo Microscopy

The primary objective of-eftfhdcst irvees ealrtcenr niast

i mpl ementing KHiske wcidhtagpdesdpmy conventi onal
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empl oys a DMD for producing Structured |11
DMD' s high cost necessitates the investiga

generation, with the potential to signific

This study proposes the use oftomitcsabemnstan

for DMDs $hocréelatonmicroscopy. TM&Amain r e:

as an alternative is quite straightforwar
creating the necessary |light patterns for

systems, MLAs use basic optical m@mnitrecingsl, es
which is exactly what we need folw dadsts. kin
I n contrast to DMDs, which require compl ex
to precisely control mirror orientations f¢
optical refraction principles. By cconcentr
focal points, MLAs can produce the necess

complexity and reduced manufacturing costs

MLAs pres-ehfeaticwestal t eHnhbnoiicvreo stco pPMDsSThen
advantage of MLAs over DMDs i s +«roddr pi nne
fabrication methods for MLAs, which signifi
in their productiFomr adamdcétiammglee md retcahtnii qru.es s
embos[sZtng2BijcrodrjodpTe28fhcctitap@d® hawel Ibiereq

identifienktdodsi mplre producing MLAs at a fr

with the microfabrication of DMDs . These m
suitability for mass producti on, owing to
requi rement feoquipaoemitst i dart eav er , t he adyv

technol ogy has further expanded the possi
enabling the -guaMutwi om wfnhmgh i nvest ment
i nfrtasit®luc32]

Pagl 253



't shoul d the fhabrcedtt bamt of MLAs using Pol
and exploiting surface tensiocrmat hodschbas
effect-gual ihygbpti cal components. One not al
interfaci al tension force as the dominant
coating under a multiphase sysdmpart iTehs so fme

PDMS and the dynamics of surfagé83ilension t

To assess the feasibility of leopldoygyiteg ML
simulations of the Hi LO iIimaging process uf¢
results of this analysis not only confirm i
al so provide insights into how hbheqsespktct §ic
of Hi Lo opti calAlstehcotuigohni MIgA si maagrersa t be ea:
comparing with DMD, this study -pawmesathbkd wasa

patternsneaeffeéelttot hemaffjes and how to choose

15Re s e &i anls

The key aims and goals of this PhD project
1. To review curcentresgpPMmMsdiangd bi omedi cal
compare their performance and differenc

2. To devel-ephamced customitzene ULRMgwit den e

ability thaRBCawmnbengsed for

3. To devel am ¢t Labpotw c a l sectioning mi cr osc
smartmfHhdme.is a widefield optical secti
introduced in the related section.

4. To further mi ni mi zepthealcoséectoifontihneg Hmi
theoretical study about using the mic

parameters to generate structured illum
Pag3lof253



1.6 L i

A

| i st

st of Contributions

of contributions of this PhD projectl

1. PAI W)(: poremhbadnceAd fl uorescdanane rmiacrged c

detection.

Pr
pr
st
e X
fo
ce
an

Th

oposed anLRMswitohpti cal path and me
i nted model constructs its body wi
ructur e, and anyone can design it w
perience. Users can cust ANNS)t heir

r appl’iM¢catsiuems asnf eature extraction
|l 1 counting. "™Mhey ¢or alng @etrmmdn aantd
alysis results.

e edge computi'Mgadcgeuwihme qeemewam&refdul A

retail me analysis fundéMioan ®©Hhe cN3No mia

ap
se
p o
Ev

tr
gi
2. Smar

Desi

propriately for different applicat:i
rvers for analysilke aN&ENGEx eanpd e dc b
wer .

en though -ltihmisteedr erseogiracres have poo
mmuni cati oM ooamdalts e nreeea lainzad yrsd asl wi
y network data transf etrr abieitébdus e use
to the NJN in advance. This power fu
ers results after capturing microsc
t he wor st case, even if users want
hi evead aimepdr eA NUNsS&l ttd ecyolclasnct dat a at
ai cutshe@imin zed ANNs. AfM etro tshoaltv,e tthheey
ven probl ems.

t placee Optical Sectioning (SOS) Mi

gn for Fluorescence | maging.
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., Proposed abasmd tpmhmtoineal secamo@anyg mi
optical path and mechani catl hseheedifgn. W
optical mechanicaljprcagedspsbepmer wi th
i ntegrate the smartphone with the SOS
The broadband smartphone LED torch <ca
polystyrene (PS) beads. The Iliquid 1
adapter, guiding the smartphoneds LED
(DMD) with neglectable | oss.

., The smartphone in ourcodmP$ement as yo met
oxi de semCMOBdeaurcstoorr t(o decrease the ¢
Hi Lo mi cr osrceospoelsuctliddingpendes can be acgq
wi t houtc elxfdielrtnearls because of the smart
t he small pi xel size.

Thel ectri cal EY)lwtausn acholng ullgeartde dp ¢t i kt hgl a
BPRTf the objreecdliavai ellgencse nftari ¢ axi al s

st ab390Sdase | at er al magni fication at dif

To our knowledge, the propased KBIOSo i s

5

optical sectioning mi cr-oesbpyt.oolt f oE¢
bi omedi cal reseamrtbdi areasour ce

3. Optimizing microlens arrays for incoher
To our knowl edge, this is the first
MLAs to realize Hi Lo microscopy.

, This study can guide a more detailed
the theoretical resear ch fniuemed,i ciadcl u
aper NArange, a | arger microlens pitch
the |l ens pitch, and multiple microlen

This study can gui de mocroes tr-eMlsfadc her s

5

Hi Lo microscope systems in the experi
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1.7 Thesi s Outline

Asummary of the following chapters of this
Chapter 2: A literature review of LPMs

This chapter wi || review different types
smart-phesnad, customi zedheahdrdwaskeaspbkPMsw

di scusheaed. di fferences and pRM$ of onanlcieo e d il
applications will Bisal by, dhhowses @@plpiropde

for different bwioimBddbeassapplications

Chapter 3M) PApbbWrahlamchald fl uorescence micr
time target detection

This wor KPAIr(d9 erbtassead on aNwBbicamea@amalt it rhg v
edge computi ng -ttienteh ntiagrugéaddt d dodrty-eBu@@dhdds.i t
structure was constructed by a 3D printer,
of 145mm I 172 mm I 144 mm (LIWIH). It ach
and can resol ve 228.1 l p/ mm USAF featur e
fl uor escdesn,t aMMSR B@sanma nbe i maged i n brightfie
mo de .NJTBhxee mipMt 6 d cm@sumi ng data transfer aniq
Users can cANMNNBori zfee atherier extracti on, patt
counting applicati onM .t ol htelye ciamt edrlinge@ ctoon n<
analysis reBufos. f Waousedent beads and hum
demonstrated a cwoankCINWtoi orne ad e warea | f eraektgr ou n
feature extraction and counting functions
With a miniatturnme sgirtMadhyesi dp cteeaddciaale tespongt

field microorganism detectilom,taendd acleiasi. c al
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Chapter 4: -lsanmed plOopnhecal Sectioning (SOS)
Tel ecentric Design for Fluorescence | magi n¢

This work SpPBeEseamtsscope with a telecentric

i magi ng. SOS microscope uses the HiLo pri:
function, with a singlceosdmairltlpuhnoinnea tri eopnl ascoi
camera sensor. 3% heapeés whaomnd A7aditional

equi pped with a scientific camera sensor a
i nstead of a mechani calcotsrtamxliatli csrc antna qveg .
571 mb tenltede scanni ngn raxngd amedcod ubi dn. We

used SOScdmtrr daastghf l uorescent PS beads i mag

and optical sectioning imaging of-castumul at
compact captoincdanlg st croscope that i s easy to
the potential for bi-loimeidtiedlameass.arch in r
Chapter 5: Optimizing microlens arrays for

This work presests HaLwmnemi droozwscopy techni ql
i ncoherent LED | i gBbt patteess WadsiHNnloat en:
based on Fresnel di ffraction and incoheren
affect Hi Lo i mages, we 4Ysegdindde heammpom M

with specific microl ensiopdiitcc hi lanudmi NAtt on

According to the detailed mathemati cal de
analhyse di ffer egntSIMlplag teefrfnescd appearance, mo
resolution. We also study how these SI p
performance. We <conclude that i ncreasing N
i mageds <cont rsaesctt iaonnde do pathiicla ltlyy. However, tr

value.tBayonwe also 4ype ™MhaAt i shehbexmagodons
artifacts, and we can get Hi Lo i mmagpes with

ML A. To our knowl eddyye, albduts usi nheprfapesrt M
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Hi Lo microscopy.
Chapt €on@&l usi on

This chapter concludes the results and con:

and prospect sampér ecdu rcrteendt .asntdu ddiiessc ussed
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ChapterlAter &Reurew o
L P Ms

Lowost and portable microscopes can signif

bi omedi cal redgdeéeani cledi areasolARe@eehter atbvoast e
their capacities 1in image segmentation, p
enhancement . This chapter weiolslt raenvd e pvo rrteactk
mi croscopes for bi omedi cal I maging applic
s nrat p haamseed, customized, and |l ensless micr o

case studdesal ni magmring tep sl ichatpitens.s fi nal
the key <characteristics of LPMs wunder i nv
insights into the <criteria and considerat
tailored to specific biomediddadlthied pepd 9 ecmattii al
features and functionalities of L PMs, of f €
practitioners in choosing the appropriate r

The clhenpsieve evaluation of LPM characteris

for selection wild.l enhance the understandi
tools in diverse biomedical cont exts

221 I ntroducti on

To fdidvelhoep capabilities and potenti al appl
recognize their role infieadads,fresmbmr@@CE mo:H

applicatLiPiss characterized by their affor

i mmedi at e mi croscopic Il nvestigations I n

| aboratories. Thi s i nnovation 1is particul
healthcare prefjesseongali skwhoaod reliable dia
rescoluirmiet ¢d nge. The ability of these micr
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I nsights Il nto the microscopic real m makes

heal t hcare diagnost i cGomsidd eernivin g oanbmoewntt ad i frf

LPMs, theircbaranespoadéahgpmplsi,camarmy aTEaa@trs

shoul d begcedits audhce dedtrRaMg:

1. Choosing LPMs @Gopsobgeirangl yhe increasing
understanding how to select these device
cruci al

2. Performance Enxlpadamcem@nways to enhance the
wi || contribute to their efficacy in dive

3.Uni que FeaturesAaodmpralwdmasikse di scussi o
features and potential drawbacks of LPMs
of their capabilities and | imitations.

4. Fut ur e De vleddorpensesnitnng t he future devel op me

anticipate emerging trends, technologi cal
These discussions wil/l of fer val uabl e ins
understanding of the current | andscape and

There are many reviews about portabl e mici

det ai |l ed di scussions of har dwar e syst ems,
applications. For exampl e, We i et al . di s
singdleecud e particl[834dd¥amegt iedn al . revi ewec
devel opment of portable i ma@bh@abpoldait fetr ma

reviewedst ownd -pmmhti pbldeevliales for[ 31831 ar i a
Gopinath et al . dcsstuuspedt hAlbiwe t de wisee d ofwor

[ 3.7] These review LlLaRM&iocrl essp eecmpfhiacs ilzieadmedi c al

Cristobal et al. publ i soh23 ar tsiholrés rier itelwe &
[ 3;8] Kuang et al . revi ewed computational por
applications I n POCT[ 3MN]dHetne |li ydiieasg neots i al .c :
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customized microscopes for |ife sciences.

and use 3D printing to constrfuelt]Cmit ®r escap
clasdsiPMisedo three i magifnelmoddll iutoirescEeircieg
pol ar[idsleld)zcan et al . egpchmdneesterda tma cc rios ¢ mp b 6
proposed potenti all 4.21]iTahgi nso sgiisv easp ptlhiec arteivoi nesw
readers with different backgrouw®®#s aamndd ai n
sensing platforms i n envi rodsncnoepnet,a |whdiecthe ccta n

f oun[d4d485an

I n this review section, | take a macroscop
my approach from the reviews mentioned abo
technical trajectory from system design to
pesmpective, I categori ze LbPavsse di,ntoou stthorneiez etdy
| echess f{faoreel)end focus on their distinctiyv
exploring imaging modalities and optical

i magiagfprm, the advantages and drawbacks

I n the application segment, my emphasis | i€
noinmaging sensing applicatid&nsiiderd ] cboar ed
popul ar appll)cathiaonsahFibge. r2alized on LPMs
di scussi on. Additional l vy, how di fferent

appropriately employed for various biomedi

Figlildustrates the structure of this revie:

t he gaps bet ween mul tidisciplinary subj e
engineering, and biology. By presenting a
canuf$oocn the practical aspects of biomedi c:
this review is a valuabl e resoagtcepdrotrabblie
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mi croscopes can support t heendeba.voonerdsi cal a

POCT & Healthcare

Al-enhanced
low-cost

Pathology

portable microscope

Bioimaging applications
Cell Monitoring

Microfluidic Applications

Algorithms \E =

Fi®dl The r evi €woese sttyrpuecst uofe-blaPsMsd:, scnoasrttoprh azr

and | egosl esppropriate bioimaging applicatic

2. 2Syst €mmf i gur aktoaw o sRorft abl e

Mi croscopes

There are three main chasgdriegasvpbmLPdld; al
(Fig.. 2Wit hin each category, this analysis
exami nes specifications about mechani cal

characteristics and I imitations are subseq

2. 2. 1 Smaratspeldecrhedeiv Port abl e Micro

Modern smartpbenésrmameehcghpdyanoedrapti me
sensor ssabendatown | enses. They wuswually pr o\
data analysis functions. After combining s
filters, they cha8Wohe&ks ea sh s et wis®Me esr e con
and -fursieendl y. They can ob[td4a%9,n5 ABd  lelru leaxra md ma
recent | ys mpaurbtlphsdhreed mi croscopes, I concluded

coubéeé realized in three cohbaéabultbBgusodsdr @apl
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[ S5eh

to the

smartphone

camera su

rface;

2. P

the smartphone camera to co[n5s3t]i3t. utDesa ghi h
proper mechanical adapters for haff@dssing e
56] T&W| ¢égamarst-phenvd microscopes with differ
corresponding imaging modality, resol ution
al so d@escrib
Tab2le.. Smadbhtagpadneni croscope classified by t
Brightfield, DF: Darkfield, PC: Phase col
Rheinberg il luminati on, FP: Fourier ptyc
Configura |l magi ng mod Resol u Bi omedi cal i maging ap|Refer
3.9mM g [57]
Pat hol ogy i maging
BF 1 me [ 58]
2. 1mM® ¢ Microfluidic particle [ 59]
Dropl et
Cell and tissue i magingdg
2. b e [ 51]
BF/ Fluoresc Pl asmi devalamatfiean/ Super oxi d
3. I ¢ fluorescently | abelled M [ 60]
<=5m ¢ Bl ood smear imaging [ 53]
<=5m ¢ Schistosomai haemat obi dima [ 61]
BF
<=6.m5 Lloa microfilariae det ec [ 62]
Rever sed s mg <=4dm ¢ WBC screening [ 63]
BF/ Fluoresc 1.2mM ¢ Bl ood cells morphol ogy reg [ 64]
BF/ Fl uor escen Pat hol ogy i magi magigMungad s a
<1lme [ 65]
il luminati Bacteri al i maging
[ 66]
Fl uorescen <=1m5 Single DNA molecul es/ nan
[ 67]
Mechani cal
0. 98 ¢ DNA sequeinmc imugtt aatnidon anal [ 68]
BF/ DF/ Fl uor
5. 3m ¢ Cesbrting [ 69]
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Quantitativ| 0. 9n8 aex RBC quantitative phas [ 70]
BF/ DF/ PC 5 m axi Human bl ood, cells, and [ 71]
BF/ PC N/ A Pat hol ogy i maging [ 72]
BF/ DF/ Ol / Fl uor 1. "Hm ¢ Ti ssue/cell s/ fungus i [ 73]
FP 870 ni Bl ood smear i maging [ 74]
Fl uorescen 1 .ek Singpbleecul e detectio [ 75]
a. Droplet

Applying droplets onto the smartphone came]
magni fi caftaromat i Dme of i qui d | enses i S f a
mi ni mizati on, requiring 7@&moinmgt mpiod ytmer psar D
i's an i deal choice for <crafti age mpreapmlteatr el e
curing without significant shape deformat.
fabricated planoconvex | enses by dripping
[ 7.K]a ma | et al . introduced a passive dropl
specifically desi gnwal iftyr dplop&8Hed i enktge ndslie.g h
i nnovatively presented the concrmregdelolfi reg f e «
of daséd pol ymer droplets as conventional I

[ 79In a related study, Szydl ows ki empl oyed

surface for micr od &dphiecs ei nsatgued i oebss esrhvoaw ei do nt h
dropl et |l enses with smwmafephowmessosuai pot en:
Lee et al . successfully integrated the dr
i mpressive 60x magnification. They applied
slides, poll en gif ®i”jismi laawrd ys kiSungampgl easl

properties of droplet I enses with varying
the dropl et |l ens smartphone[ 5B%|xlradfsicope &b
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adopted a comparable approach, i-thicrmeg por at
particle detection. To -pfraicnitleidt aa dea pttheirs ,t ot h
integrate microfluidic chips and dropl et I
cont i ng at 240fps with an accuracy of (93.
2. 2mMmb.9)

The studies highlighted above concentrated
the capabilities bhsebdemdcopbebpsemant phaoe
Dai Ebapd. LonMgedpl @wlyed a strategy of dyein

dyes. This innovative approach all owed f ot
absorption optical filters. Consequentl vy,
transfection eval uati omnal ysiup,er oixmnduen o fplr wal

pat hol ogy 5,lamadgidnegt ect i nlga bfel d cetrdeGsclma ey
easily &dhmhigavaatsl eextracted from the related
Fi g2 2

Smnﬂru:
Excitation light i

Emisﬁml ht

' / LD chip
Biuo lons \Mﬂw
Fi @2 Dropl et |l based mani cploscepes for bi o
applications. (a) Sal afi et al. fabricated
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obtain different magni-pricateonadapghey dest
dropl et l ens and the microfluidic chip int
counft5%jgt b) The smartphonayied EPWMSp mag d pwiett h
for fluorescentl y [l@aM]glcl)e dl hlea csthmearrit g hdetee d ts
di ffeoéwmwwompound dropl et |l enses for vari o

obserjpal] on

b. ReversedSmartphone Lens

An alternative met hod -l aseidmprhieanrecd c ogp e s ma
positioning a reversedohéngubatbopr theaftas
rel ay system by combining t he reversed a

magni fication i®wudbeter manead betiwbenfthe tw

reversed | ens matches the s@elcefscaai bnk orf
relay system is established. Additionally,
of a symmetrical i magi ngaxsiyss taebhed.Or¢aftfieocntsi v e |

I n contr alsasdd metolpddkd, this approach does

fabrication process. Mor eover, most smartp
designed plastic aspherical l enses )] eeffect
mai ntaining cost control . Switz et al . af

doubli ded tape and devised a straightforwar
$30). This system, boasgnt i g maanses attyetdi ¢ theo
to observe human-3ap8.3nl aodoth@EpsSt @dmget 2 al
applied the $.amkeaenmedtehoddd tdimorn, achieving a s
and specificity of 68% and 100%, respecti v
to create a smart phoneannalcwsoibsecgosy eo ff omi araft
motions i n t3hpe bllnoocad c(lFAing.c a2 applicati on,

Loianf epcatteident s i n Cameroon, achieving a spe
Pagleo 253



1
f
f

(@]

©

(7]

F
c

a

00%, refpp2ptiCealtyal Africa, this device <c

rom i veasnedti neat ment ate ntdheemipco irnetgioofn sc a rt

acilitating the extension of drug admini
' ymphatic filariasi s.

n 2020, S8nchez et al. presented a smartp
nd oblique 520nm il luminati on. This devic
ptical absorption gaps (OAG) i n-3oai l f ol
everaging the absorption of 520nm | ight b
uantitative screening of WBCs. In their e:
ufficient to resolve an average fltédquency
alpliafr 6.8 mi | ar | vy, Rabha et al . util-i zed th
rinted mechani cal adapter to create a mul
ys{édhis system achieveden odvaetreral s ateissofl a
OVD4(5 X0 . -Welktlablished brightfield and flu
ells and automatic cell counting were dem
| gorithm and programmed the3dymartphone f o
iu et glroumade eaking contribution by dem

L

S

urface excitation microscope on the smartyg

23¢e). Their appr oac8h nimtnvuoV Meddy hus ifrog sdHd umi n

o

nly a few microns into typical speci mens
ectioning near the sample surface without
i grrailrd .her d&@85eaym JWbl i ght can effectively e
such asorDeAskle i nf,l uy hodami ne, etc.), provi di
or gener al fluorescence i maging. The pl at
mmunofl uorescence i maging, pl ant and envi |
mear f[®&di ng
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Sample Translation Wheel » Glens °
module

Microfilaria in droy
of whole blood

(b) l=om1(c) |=m..‘1(¢) c-wmj(.) n-mmi‘(f) =

iﬁ.ﬂj

»' = .
e
<
Achromati \e
s Emission fiter doublet lens BiueLED

Figg3 Reversed tbamedsmarctrplsacroge f o[r53Ja) hum
(b) microfilaria [dee2]d ct)i oMB i 653c]wW lel@ Iné hlploado & e
mor phol ogy recogni[té,domnand egelplatbolmtgiyng ma

smear i maging, drmdb]bacteri al i maging

c. Mechanical Adapter

To augment t he functionalities -bamsddi magi
mi croscopes, researchers empl oy CAD softwa
adapters seamlessly compatible with specif
i ntegr aariiomusofopvt i cal devices and paths i1
facilitating the realization of [pgB¥gegBR2F I me
DF[ 8,]C] 8,4l a&mMHd7.4]1]Unl i ke dropl et antdaseder sed
mi croscopes, mechani cal adapters offer the
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i maging modal i ties wi t h smartphones. Furt

adapters contribute to the system's stabil

The resear ch grQzucpanl ehda sb yp uAty dfogratnh a di ver s
adapters tail ored for vari ous bi oi magi ng
applications encompasti mma ¢ ic[n&5 Joedfeey kelcaad d nc e
Gi ardi aclyabbdlieenhanced detection [&Bf6] pl as ma
smartphone micr dDsLf 8,8 yd eetnehatniceerd dfy] At hogen|
and bl ood ddl.88yeteg@dlbnoduced a portabl e

mi croscope for nanoparticle and virus det e

smartphone with a mechanical adapter that
optical filter, and a@meaothijnegc tda vel U ermes c eenft
Remar kably | ightweight at only I®i6gndthe s

successfully demonsvtirmatse d maidai)nrge Is(eee7240.1 4 i n g
they wtilized a similar device to i mage s
achieving a |l ength measurement accuracy of

|l onge®4db()Fi g.

K¢hnemund et al . establ i shed amad waNiAingh on e
sequencing reactions and i n situ uprmoiunrt mut
samp[l6e8] The systempiftecalt ur edochau thmdnfaaf | hag 8 n

FOWO. 8nmlIt accurately quantifi-leag icdcdynamidu a |

rangelQAMM24cFHKgowl t on et al . i nnovatively
based microfluidic cytometry incorporating
generate a magnetic field inside the channe
magnetically combimeaegnedgamplfesr clesi nThe syst

fluorescencaea, dlarikd htefl ide li [d§a9%g,a89%] modal i ti es
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To enhance the-mateocuvuheydetesthgheon the sm
POCT applications, Trof ymchuk et al . suc
nanostructures t o scaffold addressabl e N
( NACHOS) . Thoen ionfc oONAOH@S isignificantly incr
single emitters, with the researchers buil

sinmgdleecul e detecti on for -r ®NAKIsephasciieflilca t
pneumohb Fai2-¢f.) .

Researchers can | everage customized mechar
mi croscopes with various il lumination meth
featuring a domed LED array, providing eas)

desi gortssaipphe smartphone microsco[p7el]with B
Meng et al . introduced a smartphone micro
i maging of RBCs using the transport of int

an axi al resgl7wWt]Rabhaf e0. @88. engineered a

with seven il lumination modes within a sin
OLED display as the il lumination source, al
fungal s[p7e3c]k irBgidn)s. Lee et al . pbraospgedds e d a @ ¢
mi croscope utilizing the display -picrelen f or

resolution of 870 nm acrosg aNdtraomlldy ,FOtVh aned

can reconstruct unst ai2#dee)d7.4d]l ood smear samp!
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Celiphone Virus Density
Memurement (Countsmm’)
$§8338s

Coliphone Vires Counts

23 33¥REE

‘.

o 8 8

100 1w 16 w0 10
Virus Concentraion (PFUML)

Mutant ool

oo Widpe bbet

Fi &4 Smarhkgheodemi croscope using mechanical
si ngilreus [ én@&Jg(ibn)g i magi ng single DNA,7mol ecul
(canal PNAngequencing reactions and in situ
presdmnwmesdamp[l 6e8s] ( d) mul ti mode i maging of ti
speci[nvedn]q e) Fourier ptydHdoégndpiknfoll emiud @b & c

detection for DNAespisidtealnsticelt loh apjhe bmoni &
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2. 2.2 Custeamisze®Polkrdawmbl e MiIi crosco

Customi zed microscopes offer a broader r ancg
smart-phemad counterparts. They can facilita

basic fluoresto60d®]l pidvraomedesd baghd] SR

mi crosjcop.esAlddi ti onally, t he meticul ous n
alignment, and wutilization of readily avai

optical performance of these customized mi
A notable advantage | i es i-snoutrhcee aicncietsisatbiivl
mi croscopy societies, whi ch encourage r ese
openl y. This coll aborative effort enabl es

c ompmtnee and mec hadn6i,c9all b ndseesgiugemst | vy, even bic

extensive microscopy expertise can swiftly

research needs, guidedgolmy ctethegurn ea&diilnesavail
Utilizing 3D printing proves t o -fbrei eandsluyi t a'l
mechani cal structur egfs4.0gmReéseartcbeed bawmpode

effective strategies for reducid@Pa&hide expel
il T uminatfi @%, ®%,ulrddH]sep.r esent s a compil ati on
mi croscopes designed for specific biomedic

system complexity is categorized .into thre:

Pagselo 253



Tabl-2.. Qustomized microscope classified b

Brightfield, DF: DabDHKfi ®i djtRRBI hBhageaphb

Rheinberg il 1l uminati omr,holS:n Lfilguhotrsehseceetn,c eT P

SR: Swperl ution, SIM: Structured il 1l umina
Scanning microscopy
Complexity Imaging modality Resolution Biomedical imaging application Reference
Monocyte to macrophage cell differentiation monitoring/
BF/DF/Fluorescence/LS [101]
Zebrafishexpressing green fluorescent protein (GFP) observation
Cell motility monitoring/Cell and tissue viability analysis
[102]
Oxygen microenvironment measurement inside organoids
Smple BF/Fluorescence
1 Blood and faecal smears withparasite imaging [103]
1 RBCs segmentation and counting [104]
DH RBCs analysis for COVH19 screening [105 107]
Huorescence 3 In situlive- cell imaging and analysis [108]
BF/Fluorescence/Polarised 0 Giemsa stained blood smear sample imaging [109]
BF/DF/PC/RI/Fluorescence N/A RBCs with Plasmodium parasites imaging [110]
0 RBCs parasitemianeasurements [111]
Medium
BF/Fluorescence 2- Automated sample preparation and cell imaging [112]
1 Single cells assay in microwells and cell tracking in the microfluidic chif [113]
ISM/SIM 156 nm-300 nm Huorescent stained Hela cells imaging [114]
0
TPFM Mice brain Ca2+ imaging [115]
1 axial
SR (DNAPAINT) 10 nm Microtubules/ Mitochondrial/ DNA origami imaging [116]
Complex LS N/A Zebrafish imaging/ Nervous system dynamic observation [94]
Longitudinal live imaging of Xenopus tropicalissmbryonic/
BF 7 In-incubator imaging of human embryonic stem cells andorain [117]
organoids
a. OpenFlexure
The Richard Bowman Group has e sstoallrxlcies haendd

aut omatcadoscope,

3-axi s transl at
resolutions
vol ume of 15

cm *

a.s-52 I Tlhuisst rmai tcerdo sicno pFei of eat ur

on stage with a

wd X 1790 anmd i FEOx ik 8ixnl WO &0 =

15
P agbelo 25 3

cm * 20 cm and

travel

capac
comp a

a wei




resol utiemnamd Dupt@Bor tfsl bariegshcaegnced ,d ,aredipol a

modal ities. Notably, it has been deployed e
utilized in Tanzania and Kenya fos, educat
particularly in imaging [bl1®D]d smears for m
Stirling et al . expanded the <capabilities

i maging modal i ti es[ 1sluCc]fhu ratsh éorFmo Rd ,, tamaey PIiCnt
the Raspberry Pi fo#ianet aMatl gdvesant Opkn&haed:
canf beelydvateguatappl i caf il @8fnkd, ninccrloufdiunigd
antibiotic S us[cle2plt]iThiel ivieyr stestihgyg and ac
OpenFl exure contribute significantly to ad

research fiel ds.
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cond Motor Moving platform LED array holder
o ot mounting LED array
lugs \ . g Fixed platform frdatiuicanss)

xy
stage
z-actuator

Optional
motor mount Gea =5

Transmission

Objective lens
optics module

Camera & Actuator gear Optical table Sangaboard v0.3
optics module mounting Perma-proto board
lugs
—— with quad level
housing shifter (74AHCT125)
Raspberry Pi
a)
ving Platform — Central Shelf
M3 Screw\ M3 Screw,
Nut.
\ /

Central Shelf ~ Viton O-ring

sample
~
3-axis positioning

with Delta Stage

objective lens,

wbotens RN |

with Block 8 Stage

LED

N v

condenser
(a) L]

[~

b

ibic
N
ideo
analysis o
ol
30 prntsd Opentie s Raspbery  H H mou ity

Pi digital micro:

Fi g5 2penFlexure microscope and its wvari e
OpenFlexure fpLOBRBOGY -dlameiggemeids 3t r ansl ati on
OpenFl exure was fab[rikx&l € dg-madiall 8IDOppEemiFdteixrug
combined with Raspberry Pi #drmer eganlall@jisn g au
(d) SIM is realized dri20Re ) Opdesn Mige xQupreen Fa |l e

testing antibiotic su$dedgfibility in micro-
b. Cube and UC2

Del mans and HasCelbefafn iamstsreandd yedt andard des
the creation of [ModAReasemmiplticql adfewndament a
I i ke EEGIElI | ows t he i ntegration of optica

components into its stBactThhries, modubdapi atpg
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empowers Dbiologists to construct personal.i
applications and preferences. Furthermore,
us e, as Del mans and Haseloff have ingeniou
seamls connection with the OpenFlexure plat
versatileCulye odndo®pmenFl exure, providing res

for addressing a wide array of microscopy |

Similarly, Di ederi ch -pati ndleddq u mé¢peecmdandd mbaa
mi croscope that of fers easy replication, r
il 1l ustrat6bd 110l |THhieg e basic cubes can be ¢
configurations to suit specificz26bi oOogi cal
not abl e application of UC2-maanvopvege moeali

di fferentiation insiddg aeriomduybzedos howar i a

Mor eover, UC2' s adaptability isLSIMmbnstrat

I maging transgenic Zebrafish expressing gr

Eur os. Expanding its functionalities, Wa n t
consymearde ab®MDI| aser projectors, t hemde by upog

SI M. This upgraded system-saundcs8tsalifrud d yH e Lneaa ¢
ce[lld4d4The birth of-efufC&ctfiaxce | ¢ uatt@®mi zatsiton

mi croscopy applications.

OQuyang et al . haweupiceneawrdaud aan fopeBwor Kk
automated pipetting|[ 2Bh2]l himagragi mpplVacadbus
such as OpenhFOpecptedhshllEVv]jand 1WAA hey have

created a seamless, automated pipeline aim
the risk of subopti mal data quality resul ti
Fi.36( e), can be remotely controlled through
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and i maging analysis.

With an i mpressive r esml utthiosn frraannga wagr kf rsour
executed a comprehensive protocol, whi ch i
mi croscopic observaal bnperbodmadt bbradagly sa
i nteadaeesi ble in a web browser. Ouyang et
potenti al for efficiently and precisely <co

a modul ar , automated fashion.
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a)
@ 1 pno-n-oD -@ gm‘f)
R

Reformulate T

efine

t

Repeat |||

b)
Microscope inside the Opentrons

<)
Stand-alone XY-Scanning

Microscope

UC2 Large-scale
XY Module

L

-

SIDE

TOP

[Start

wot piate
e [l Lossng samcie (63 Ml Tenuiacse wivie
o Bl ncubaton for 15
- Permeabiization
_ S

Self-contained experimental setup Microscope moves Samples move
| o T

>
4h

Figbh Zustomized micr oscopesCulhaesae d uonnd anmoednut | a;
buil ding bl ock. Different compd2agg)htdCZTan b
opsmurce microscope for[ Yatj(eys-Ammegemg m
modul ar framework is constructed by diffet
source systems for automatdg¢dlRiipetting and
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c. Others

Zhang et al . I nnomiact ri ovsed oyp-echeehsait negd coafnipmo née n t
and a Wwdalbedinmi s portabl e -tdieme cwmonist oardienpgt 08

mi gratiaoal asdkngcti vities of microfl uidic |

Remar kabl vy, It can seamlessly integrate wi
pl at es, mi crofl ui-dmchidpvs xetse msa,n dp otrgmtnisa |
versatile alternabpvei toofscagiessiitbuo gil npabgeihno h ¢

as depicax7ad in Fig

Javi di et al . empl oyed-e3Deptinmei g gt oal ah
mi croscopy set wgps/b2s hblweyw sedelvalnopread sophi st
and utilized deep | earni AlP nikRrBoOp®IAED .TjJo qui c k
Simil ar FLyaandTirni settanal-pr idretsedynelduar e3shcence m
si ngd lel detecti on, i ncorporating a Raspber:t
Fi.g-72[ 113]0j aghi et al . proposed a portable

il lumination featurifgemi aireaftIr wfpikhd Jac Miepg ® ¢!

Ai dukas et al . ingeni oupPlry nttednpplramtod ¢ |
successfully reconstructing |l ung2&®agrci noma
[126Zhu et al. engineered a portable micro
smartp9bdbpeang et al. constructed a miniatur
cel |l md nli2t7gMiicnrgo Hi kaao 9 t3 Dmi ar d awope pl atform
a 3D printer, boasts automated |Islaummplneatp comi
modal i tz7es. (Bugno et al . harnessed this pl e
and observation [df283D | ive speci mens

Il 229INiu et al . introduced a quantitative
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i magi ngBCsef The system demonstrates I mpr es s
sensitivities of 0.65 nm and72L. 0Th ersme, drievsep:
and innovative approachecesshawdaper t okl @ omie

in various research and application domai n:

Customi zed microscopes offer the advantage

control, making them -pamei ecnohatloyi mgl wéblce
wi t hin an i ncubator. A notewortdyr aeawampl ¢
fluoresmcamseopy ( MAM) , a compact system de

[108]The MAM system comprises twelve miniat

a gr adidenxt ( GRI N) | ens, a filter, and an i
i ncubator, it can simultaneously capture i
lavel It epl as il l2gt rated in Fig

MAM achieves an i mpresmsiwiet I aa erraapi o e60 | Hizt |
Son et al. demonstrated the efficacy of MA
i maging of7 lIcievlilnsg wWdGShi n the incubator. Thi
aval uabl e -ttiomd dlmgemwatli on and analysis of

a controlled environment .

Anot her comparable,dehicd feathe eBi QA0 ame

| ongitudinal bl1Db7T®hi sainnhnmagi hge t ool i S cC
24el | cel | cul ture pdtaack iamag ec acha tcaa.p t uu ret
Picroscope can be remotely controlled, enh
al. demonstrabédthbePcapabicbpeibyg utilizing
whodrgani sm I mage data for frogs, zebrafist
The adaptability of the Picroscope extends
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It successfully recorded both 2D monol ayer

as depict-#2d IiTmiBi g eature underscores 1its
bi ol ogi cal processes in various experi ment
as an advanced tool for comprehensive | ong

b a

Microscope
array
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cover
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Control O Imaging
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e CrCrr
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Fi g7. Ot her customized microscopegso$br bio
customized microscope [o02]Jhb¢r Ofilguitdilc haog
mi croscope-l19odi EQNDODBDI s as s i[sliileEn7 [b(yc )d e3el |
printed microaetopaqridA@r ds)is n3ECAMEGpc i ofg £dI

(e) Mi croHi kari 3D [alu2®]Jhdti cPomit @abd £c ogpuean't i
mi croscope for RBE9(pghadbadei magimagurized MA
cel | i maging-7ofcellising [@OR](ihn c ubbiactrooscope

l ongi tudinal whdlld7drgani sm i maging

2. 2.3 Lenco-Rtzsrst dlmlwe Mi croscopes

I n ensl ess microscopy, as opposed to empl c
mi croscopic targets onto an i mage -sensor,
generated diffraction patterns by the i mag
poptocessing algorithms. TraditioemGM' micr o:
tr eodd |, i mMmposing conrbsatnrdawindttsh opnr otdluet s SB&
mi croscopy addresses this |imitation by r et
semsoenhancing the system's FOV. Neverthel

i maging system remains contingent wupon the
the SBP. To s uirnmdouwcnetd tlhiinsi tppitieln i n resolu
empoyed subpi xel resolving tlerili@@B3dueghsuch
sour ce [ dRiMOt]liamg synt[hledli]c aperture

Lensl ess microscopes-ocecrhilpe (IiL®OtCg g raantde dmi veirt
devi ces. The advancementomhi pdg8OCpbmpapahp
facil i t-ahfelsy tphreocoenssi ng of data acquired th
i ntaegi on ehbmkeesanakwnbis and enhances the
I maging system. Ozcan and McLeod conducted

i magi ng, sensing methodol ogi es, Rhd2f heir
Pageeld f2 53



Robinson et al. del ved into Il ensless imagi
refocusing, 3D i maging, and microscopy 1in
classification of |l ens| ess -mondaugliantge ds y sntaesnk
modulamnedpr ogmadmadbit ed categories. Additi ol
overview of algorithms and deep | earning

reconsfiL48ii on

I n this context, the emphasis is placed on
bi oi maging. |t should be noted that | ensl e:
compressive sensing, and macroscopic 3D i
dicsissi on. Ref er enc[elsd 4afrladr5 Ftelcoogmanendedr est e
specific areas. Lensl ess microscopy i s her
hol ogr apnhoyd ulnaatsekd | magi ng, and fl ued2escence
for a comprehensive |ist of pertinent arti:
met hodol ogi es, and bioi maging applications

P agbelo 25 3



Tabl-3 Lensl ess portable system for bioi ma

digital holography-moidadl @asedpyni cMloMd:c oMgs k RF

principle component analyshseskoISTAngfabygo

CNN: Convoluneowomé&ur a
Modality Resolution Image reconstruction Biomedical imaging application Reference
40 m C. Elegarscreening [146]
3 m Cell monitoring [147]
Shadow N/A
024 m Urine analysis [148]
imaging
09 m C. Elegenand cell imaging [131]
0.66 m Pixel super resolution algorithm Continuous cell culture monitoring [137]
2 m Cells detection and cytometry [149]
N/A Prostate epithelial cells analysis [150]
N/A Real time label- free celldetection [151]
LDHM Gerchberg Saxton algorithm 3D cell culture imaging [152]
0.98 m Phase retrieval and TIE Pathology imaging [153]
3 5 m Phase retrieval Real time cell functions monitoring [154]
155 m Phase retrieval Sperm and platelet imaging [155]
3D imaging of moving fluorescent beads
16 m RPCA/FISTA [156]
in the microfluidic chip
0.78 m Customized recovery algorithm Cancer slides imaging [157]
RBC classification [158]
N/A CNN
MLM Sckel celldisease identification [159]
8 m lateral
HASTA 3D zebrafish imaging [160]
50 m axial
<9 mlateral
RPCA In vivo brain calcium dynamics imaging [161]
80 m axial
10 m Transgenic C. Eleganimaging [162]
Compressive sampling
Giardia muriscysts imaging [163]
Lensless
36 Ip/mm N/A Brain slice imaging [164]
fluorescence
0.22 mm N/A Cancer cell detection [165]
imaging
Customized [166]
Cell culture monitoring
N/A [167]
a. Shadow Imaging
Shadow i maging represents t he mo s t strai
mi croscopy, requiring solely a stable il
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S e

ndering I mage reconstruction al gorithms
eci mens between the il 1l un8am)ati Not aslluy,cet

| u mit maatmpd re di st ance 6 @8anis,measpuperpoaxsi smantge |

ampisensor distance, whemcitnot ¥y p.meTaor g tri agnagt ee

ffraction patterns effectiveltygenrseosrear ch
stlalnfceelt ypi cal | sm[lleds2sHa weawne r500an i ncr ement
I's distance transforms shadow i maging i

ction 2.3.2). I n such i nstances, i mage

amplitude and [pl4adsje i nf or mati on

mo

Wh i

[ 1

Y a

ab

p i

nge et al . utilized a compact shadow i ma
vestigat[el 4G.]Peenltveigaaln.s showcased the appli
adow i maging device for screening the gr
mp&68J]Ozcan et al . introduced a | ensl ess

aracteri z@d3By28 wmmdé& 25.70 mm) for moni

i ver se [del7l)Z htaynpge set al . seamlessly integr a

vice with a mi crofluidic chip, facil it e

vement within a In6i9]rofl uidic channel

ile |l ensless shadow i maging proves to be
70uring¢ 1a@mMdlnyds ice I[I1 7ro, nlii7tRo]Jriisng@gssential to

s |limitation in resolution dictated by t|

ng et al. devised a solution to address
ich involved the -mabroeptreorefaardy npas
ove the CMOS. Each aperdanmtemeviabhi ndt neda
xel . I n contrast, the microfluidic channe

ray, facilitates a |ine scan when the sar
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of the speci men, the adjacent l'i near aper
ul ti mately enabl i-mgct ommagegai spomnmonhefr scatbi

the |line scan and es 2Bdnjalt3dlo,nl1.302%, f7130]jw vel oci

l nstead of modi fying the hardware configur
hardware setup. However, they afldseoledtitdre i
i mages from divePR8e) peSslpereduerts| ,Figmpl oy

and | ever agieagoltuiteisoen lioma ges, t hey- success

resol ut i[dmOi, maéBgds

Reconstructed HR frames

20X microscope image

Fi 8. Lensl ess microscopy using shadow i mag
i maging princigle) enrsdeped sthraadmw i magi ng f
(b[)16a9n]d conti nuous [clel/l2IRs hmeodcha w oirmagi g )by f
sampl e$3am@) modul at i[ng3d, (BT nati on
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b. Lensless Digital Holography Microscopy

L

c

P

ensl ess Digital Hol ography Microscopy (LDI
oherent Iight to i1l luminate samples, with
at{aevda, 1Tblis technique LOMméextressiopygl yoape
176 The hardware setup closel y28¢gsemblters t
he notable distinction that the distance

ncreased for diffdadetion pattern recordin

n contrast to shadow i magi nfgi, e lLdDHiM feaxrcrned tsi
ncompassing both amplitude and phase. Thi
htrda enensi onal I nformation, resuvtl-aoinge i n e

ot i( SNR) compared [tloS50sHadidWANMmhaxgicreggsi t at

oherent | ight source, commonly employing
ource's size, bandwi dt h, and distance to
inely tuned, approximatinglyheostampheéeé @b c

waVvelill&Z 6] Des piotfd elrd sngr superi or spatial and

re susceptible to speckle noise.

The coherent interference pattmode&gbtptured

n-lime hplLlid&Ogdgrmn this context, the intens
nterference between the scattering wave I

eference wayv e transmitted from t he sour c

Fresnel di ffr ectpiemm aigratt egrtdle tiomtreevf er ence

econstruction of t he[ 1s8188] Fhewe v ear ,hitghi sr ec

ol ographic reconstruction approxi mati on hi
parsely distributed sampl es. This constr
ampheluced scattering wave rneufsetr ebnec el ewsasv ep.r
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In a broader sense, the coherent interfer
di ffraction pattern, chall enging the wvalid
Consequently, specific approaches, such a:
samp[lle7di empl oying mul f L gL el 5nBe alshugrcedntedn]t s

necessary for accurate sample recovery.

LDHM exhibits sensitivityi mag es aanrptlief ascpta rbse
particularly pronounced [h8bniBRé&peascloér i
di verse approaches, sutchemrmsor mpil ©tyamge vme a g
[ 1530]d di fferent [illdlajmemlanoea saamples i nf orm
Additionally, the application of iteratiwv
Ger c hSaexr{g&®) gofilB8Bhmh&8t h@é89] EPOPves benefi
i n improving reconstruction accuracy and
comprehensive exploration of LDHM and its

aut hor it aJtlidv2e, 1s4o3u,r lc7e5s]

LDHM emerges as a potent technique for cell

recovery of phase information, particular/l
undertoek feactogée initiative, i nsesetricng $5.
LDHM f or bi oR9%ag glionlglS o bFiiegr.ans Kk i et al . i nno

LDHM with comput ateisoon ault i pinxferlfameew gpbrr omelstsii n
Their prototype, employing the angul ar spe
intensity and phase i®afoamht evhngdgoa speat ma

1.5mM oever a FOV 200] B®DIMm]| (Fi g.

Mundanyal. et al. showcaseaed oacomgeaskcapabloam

di fferenti al I nterference contrast 11 maging
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pl atelet, neutrophil). Tlkmsascyes ® mabd4asimg
and weighs appr oxP%94gtle/ldyf odr6 tgarragnest (rFeicgo.gni t
|l ensdmbisp microscope-t aiSleor eed an . alcaquosrtiotmh m
captured diffraction pat e-@r]nls4 9tJeu rat hperendoerfea,

i n thelilrblwolrBkbHM was | evemagea@a!| forcult eakre m

enabling the quantificatisumsofatcel bBdHaqica
spreading, cell division, ce2%)division or|
l ndeed, overcoming challenges posed by den
measurement and il lumination stdeategiteosn GCr

approach by tilting the i mage -hseeingshotr ,p heanspe
recovery, and colorization algorithms to c
sampl ea9f EBJLuo et al . i ncorporated the s\
LDHM cfoolrpair hol ogy 1 maging, achieving a syst
250 nm at a wavelength of 2090 Indnl Rindems ami t

et al. emplioeedottwgriams acqgtusemreslomtdidst &ec
and successfully reécdevigrhdad phamel g cwovienmy mi
29h ] 19 2]
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b)

10cm J LED + pinhole
> €MOS sensor
24mm?
L -

Temperature
control

Lens-free
amplitude

Lens-free
amplitude

Microscope N
40x 0.75 NA

Fi 29 Portable LDHM for biocmagipgrappl echD
for RBC[iI1®addibng LDHM wi th comgpudlauti ioomralf @r xs
moni tjox5mjgc,d) LDHM flot4@e.ethl)d JrLeDcHOMy nfiotri odne n s
sampl e [ilmaly,ilnsgl, 154, 19 2]
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c. Mask modulated Lensles$/licroscopy

I n t he prec2aidmg wecbberr fed t hat LDHM o
di mensi onal profile, and its versatility i:1
configurations through the application of
recovery process prpdosseendt si navne resxec epprtoi bol neamh |iyn
t o experiment al conditions and al gorit hmi
becomes challenging if the differences be
[ 143, 19@8]J]address this issue, LDHM adopts st

patterns or atgsessongdibkbéasmamplte acquire mt

Anot her approach to miti gat-raodtuhliat ecdh all d resnlg
mi croscopy ( MLM) . Il n MLM, targets wundergo
directly modul ated by a mask before reachi
sensora iconvolution between the Q#&mple and
General ly, t hese masks f-hhBEk[elibn6ilod @fwdb cat eg
p h alsaes[eld9 412 D03 )

Ampl i-bbausdeed masks are rel at i-efefl ¢c iebabsel 9140 f a

196] However, due to the mask's attenuatic
component s, the SNR i s compepdmitoend,hs cleinmirtiic
such as fluorescence i maging.

On t he ot helrasheadn dma spkhsasmeodul ate the | ight
without significant photon | oss .-l iTrhiitsedr op

scenarios IJik®26 mi &0, 06dbBobyeavOedr], this advantag
treodd of high costs and [ilGtlr, i1O@&t € 0f0g 20i5d at
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Amplitude-based Phase-based

Target Mask Sensor

Ooxy) ~ PSF(x,y) = I(u,v)

Fi2&10. The principle of MLM. The target is 1

the sensor. At the sensor plane, the captul
PSF of the mask. This i mage could be meanin
i mage.

MLM exhibits versatility across vari ous

bi oi magi ng, including photography, vol umet
we l | as comp[ra2Gal]i met sessdngcussion, the fo
references about MLM in microscopy and bi
understanding of MLM and its applications

readers to refer tp20RAE recommended source:

Adams et al . i n tbracsdewdc € de nasn eassmp Imitcwdes cope n
uld4iaght weight device weighing only 0.2 grat
( Fi2gia) . FIl atscope achievesema Mhei memenesal
empl oyed Fl atscope to record 3D volumetric
mi crofluidic chips. To streamline the cali
t hey nmuestliycudeossi gned a mask pattern that CoO
produuctwo 1D functions. The reconstruction

Ti khonov reggquareszepsbdbpasm
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Jiang et al . i mpl emented a diffuser bet we
modul ation in their | ensless microscope coOl
empl oyed blind scasnipogiofi onBeusamgl eani mnl X
foguantitative i ntensi2lfb)andl hpsa ssey srt eamo vaecrt
resolutiemnowér Oa7®8. 4mm * 4.6 mm FOV. Beyond
they wuwtilized the platform for cel | s egme

capturhed |l lynst egslb5nTilcroscope

Similarly, the research group | ed by Bahr e
realize |l ensl ess microsesto,pypo Mthaelyl e mpéd mngleda:
using an LD | aser as the illumination sou

f alrtiion?2-1chi.g.Addi tionall vy, they integrated
achieve RBC classificati[oln58,nld5%9%]denti fy si

MLM holds significant promise for advancir
facilitated by the masks'’ ability to enco
i maging from a[] 308Gt esacghasstcthen et al. I
mi crolens diffuser between 2Hdk) .obfhicd saetdu
all owed them to achieve 3Demnresobutziebdbnafn

| ateral diermcne omnl wtnidorm 5M1 & hle axi al direct

To address challenges such as lbhiaghetd Immassk an
l ensl ess microscopes, Adamisaseeed anmha s ki nlte nosdl
mi cr oscope-FlcatldccdpHB)(oFFBrObscope exhi bited
performance compared to their previous FIl a
phase mask to gener aftieeltdh ep hPASSFe wseitirg etviad
modul ation transf &rl aft smatpiecant e(dMT Fh)e ofr eBiea v

spatiahcfesguall owing for the swuooaesabul r
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samples such as biological t i-Blsaites c oTphee i tr o
achieve 3D volume reconstrevbked ¢C€h2Hydra

monitoring in freely moving migé&é6lhnd i magi

100 200

300 400
Resolution (Ip/mm)

ige sensor board |

Traditional microscope Diffuser microscope

@ sample

random
micolens
diffuser

2.65 mm

Depth (z)
2.75 mm

2.85 mm

raw data

Interference
fiter

Absorptive s
filter

Phase

mask ~

. Imaging
‘m '

€ Ground truth Capture Algorithm  Reconstruction

PSF
bl
e
® — > >

Fi 211. Di f fer entmotdupg east eadf Ilmandke ss mi croscope

an amplitude mask |l ens[ &8§6]rmi)crUss amgp ea, ddrfd
modul ator t-modwladt g Imarskl ess microscopes.
met hod i s -nssedl dtoiromiigmages and|[AB&gye)r ecoyv

A l-oavst ¢iafsfedlsdrensl ess microscope for RBC «

sickle cell i dent[ilf5i8c althidd)n , T hcer olperesdl efsrso m3 D
mi croscope, a random microlens difib0$er is
(e) {Fn aBiseaope, the particular phase mask ¢
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the | ight signal. It can be used for 3D in

oral muco[sla6lmagi ng

d. Huorescence Imaging

FIl uorescence 1imaging can be successfully I
[162,163TBO@9underl ying principle is simil
di stinction that the collected |Iight compr
scattered | ight. Moreover, in many fluores
typi caddsespoassdi stinct wavelength from the
with a high SNR, excluding the excitation |

i s essenti al

Effectively rejecting excitation |ight <can
bet ween the sensor afedr atbefaislamhpf el t &hsl ef Fe
filtering performance, their thgokaéso®nss
potentially comp2dMainyg fneégselrsticam be dir

coupled to the sensor wi 212du4t] Hoiwgrviefri, ¢ atnhti

approach may not eliminate al/l excitation
the i mages.
An alternative strategy is to | everage to

coll ection of exci[t2alt3iJ@mms Kumng hdt bal .t hiempsleenmns
above the sensor to estaB)i siThias Tt &n fgiegoum
effectively avoids undesired scattering an
Cal d eaibrel ed white blood cell (WBC) +maging
50m§209]Iln a subsk@qaujemtey wemlipl oyed compr es:s
processes to enhaanm,e achhei erveisrod iulpea mdnlue soxe slade

i maging of transzldni.c C. el egans (Fi g.
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Anot her approach fnhathvdéesudsiongramtsimeal t he
sensopPllgFigln this setup, the sample is po:s
fitbuedl es, and the fluorescent signal can
emi ssion filft dmaekat vaenedn tthhee i mage sensor he
the fluorescénhbcaersrgyn atthe Alsi ghhte t ofwialbde t he |
bundl e widens, pr-olwi pi mggmai fmoadeatriadre wint hou

[ 163, 215]

Sasagawa et al . of e vimed éoipoeadl aml atnet ewgirtahh eapt i
FOP, which can be direct!l y2Ictb)u.plTehde wi et sho It uhte
of fluorescence imaging aclkmeveElke wi ¢ e &rOPPh
successfully ultaps e emdo®iOPofiongt omecel |l cul't
[ 16aen]d i maging brain slices from 4 1l®&érdden f |
(Fi2zg2) . To achieve high excitation | ight [
fabri catped far macgooleb ydburald fil ter, combining
mounting it ont o ac ocloonmmaegrec i sael Bky ra v(dRmaakel e
processing effectively differentiated bety

anal ysnaegges acquired through &alRtléedfinating ex

Empl oying SI represents an effective strat
fluorescence microscopy. Han et al . devi se
l ongi tudinal cell cul tur e21lngoni tTarei msgy swietmh iri

on the Tal bot [eflLf6édichteifrorpriomaogiynpge achi eves
1., over a J3A6mm] FOV

Ti an et al . i ntroduced a miniaturized |I|ig

GEOMScope, desi gned21fBogr. 3T iismasgeitrug (cFoingo.i n e
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filter wi t h a thin

geomebpiltased pi xel

reconsf20Qdii on

mi ¢

back

rolens array, empl oy

projection and bac

< Fiber Optic Taper
N (8:8x20x15mm)

@ () Excitation light
Longpass
s inteference filter
Light sheilding g0 000 (> 490 nm)
layer .
Fiber optic plate Shortpass
Absorption | _interference filter
filter (<560 nm)
P\
y /
(b) Hluminator

Longpass interference filter
FOP
/ Notch interference filter
/ Yellow absorption filter
/ Blue absorption filter

FOP

N Color image sensor

Intensity (a.u.)

_

d  Maximum intensity projection f Zoomed-in regions

T F
241 30 pm

Figgl2 Lemslce®scopes for f-Bb)uoUWsisrce ntchee i TmMaRy ipn
to reject excit[la20D]nh § 2-f()a nd snianfgi dmompet d(Icaa)d

to relay the i malgel Jttop 6t[(hteh 4s|(eZndsdolrg) (A )l ens | e
fluorescence microscope for l ongi tudi nal
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i ncubator. The structured il I JmRilgth)onA i s

mi niatured | ight field [Il2&&mMd]l ess fl uorescen:

2. Discussi on

Section 2 comprehensively exami-nased,hr ee

customi zed, and | ensl ess. Within this segr
features inherent to each configuration, i
domaThe. synthesis of information about =eac
24, which encapsul ates various facets of t1l

The smabapdadnedroplet) configuration exhibi
with optical maugsnidnffgppbhét oen BHeweewbdl ess, o0\
i nfluence of hydrodynamics on | ens shape cc
f avouirmadieng performance compared to other
i maging modal ity displays subopti mal resul

i maging, as .dk2t ailed in Tabl e

Due to their optomechanical design and i ncoc

t he ot her ttwasesdnamt phoseopes (reversed S

mechani cal adapter) exhibit enhanced i magi
I magi ndg imsdalHowever, this i mprovement co0me
configurations. For different smartphones,
i nto various for ms, which means these desi
algoritamsominded mobile applications all ow
r etail me analysis in smartphone microscopes.

for specific appéfifciaci emcy eceomput ngmg hpghf or

smartphone operation
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Notably, -based pmiomroscopes yield meaningfu
the requirement for computationally intens
they must meet the demantdar pdt agpetle ctaitoro nas
framete video recording, which necessitate
their compact size and effi éiaesretd oo g wtsicro@
prove most suitable for POCT -lainmdi theeda | & rhecaas
Exanspl encl ude t he detection of abnor mal

parasites/ bacteria in drinking water.

Customi zed microscopes have a sophisticat ecf
to diverse biomedical applications, result
broader array of i maging modalities. Howe

nesei ty for meticulous design and construct

specific applicatiomasdd amdhtirearsd| ¢ s smaa it q
associated with customized microscopes i s
campilities, customized microscopes are equ
such as | aptops, personal computers, and el
enhancing compatibility and facilitating e:
for diverse applications. |l ntegration with
on these platfopmsfogmaeonetpeocedds grhs. Thi

customi zed mi-cuiotsed pe&sor wdlalbor at or vy and (

appl isc,atiinocnn udi ng pathol ogy studies and di s

Further mor e, the remote controllability of
customized microscopestiemnet ecnedlsl tnhoeniirt outiinlgi

chemical environments or incubators, ampl i"

Il n contr astbatsoe ds maanrdt pchuosnteo mi zed mi croscopes
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mi

mi

t direct |l

y capture

dul ated optical

construct
nsl ess mi
ffraction
flection,
nsequent |
mi ni shing

stomi zed

i n

i mages. I nstead, the

tensity fields. Subseq

meani ngf ul i mages frwom tt hfeorac q:

croscopes

patterns

i s also an external C

or modul ated optical

&man doemm s @t e moonn esnea t hat I ntrc

Yy, t
t he

he

s ame algorithm may yi e

sof tware compatibility o]

mi croscopes.

e performance

erational

ruggl e to

uci al sesa, subhbugh

e hardwar
nsor , a I
mponent s

cessary i

o f |l ensl ess microscopes ¢
environments. I n scenarios wi:
reconstruct meani ngf ul i mages.

this aspect is beyond t|
e configuration of | ensless mic
i ght source, and a thin gl ass
such as modul afi Ganrermgy sk sb e copntei
n MLM and fluorescence i maging

sign render s

crofl uidi

| ens| es ssumitcerdosfcom e ap plaird a

cs and

i n

vivo I maging. However

crofl ui di ci Mmowievie nitmsa gginmrdg signal s pose si

nsors employed in

these setups.
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Tabl-4 Characteristi ccaosxatploarmida bd fe dnii fcfr eorse oty
Hardware Software
Configuration Imaging
Complexity | Imaging performance Compatibility | Algorithms necessity | Performance
modality
Droplet ] o o0
Smartphone- Reversed smartphone
000 000 000 00 000 000
based lens
Mechanical adapter 0000 0000 0000
Customized 00000 00000 00000 00000 000 00000
Shadow imaging o0 o o
LDHM o0 0000 000 Depend on
Lensless 000 00000
MLM 0000 000 0000 applications
Huorescence imaging 000 (1) o
2. Bpplicati-oast oPoLobwbl e Micr
LPMs hold promise as diagnostic and analyt
healthcare outcomes and the progression of
domai ns, mai nly -fiomusedgr egi coresoamdedevel o
seechniencapsul ates the most prevalent LPM aj
reviews. We elucidate their biomedical i mp |
| owost and portable microscopes employed i
aplications, we deliberate upon the merits
2. 3. 1-oHmairnet Testing and Healthcar
POCT plays a pivotal role in contemporary F
out close to the patient, typically at or 1
practice of dispatching samplesgsthodal ogwntr
facilitatmes tresal resul ts, empowering healt
clinical deci sions. | mpl ementing POCT &ena
facilitating ti mely I nterventions and ul

Pagreo 253



Particularly i4#i memetderegi oespuPOE€T device
attain diagnoses without relying on el abor

| aboratory processes through POCT contri but

Notabl vy, the recent adv asmpeemrde nttesl eicro mtnbai d
technol ogi es, such as 5G, have synergized
with telemedicine services. This integrat:.

comfomei mfhames and share the results remot

Using smMaasegdhomiecroscopes emerges as a com

various healthcare applicationmper fMorsma saena r t
optical |l enses and sensor s, compl emented b
t hehirp sc. Leveraging the inherent strengths

such as Mo2bli7I| ¢ G@R@ 8]Jand A2 eE@dhmetbe seamless
i ntegrated into thenge diagnhoss i dor Addilti c
communi cati on and data transfer capabilit

infrastructure further abnapsleidf ymitthhee speabtypeerst, i

advancing the | andsca&dpeveofert el e mendboithe ap@
engineering perspectives, designing sampl ¢
broader compatibility is imperativeéer to accoc
ensures versatility and abcacseesds inbiiclriotsyc o pne sd e

various devices.

I n their work|j6@mowVvatoinvs&l etcraafted a smart

cell sorting, employing magnetic focusing |
facilitate specific clinical assays. Thi s
proficiently i dhedntadt iewi tcieelsl tthyrppeusgha bri gl
fluorescent 1 maging modes.-t Nmeeahhéelyess, @a
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processing relies on computer software. The

and is tailored to a specific smartphone m

Addressing smartphone[ 2 2ZdDgs as e i tayn, elxltyasa at
compatible with various smartphones equipp
Their Matlab algorithm enables the detecti
of whole blood in POCT. Deismpe tean alhy ssi sa davpaml

was not transferred to the smartphone, and

To enhance-basmadt mhonescopes, Ozcan et al
designing specific neufrlalhdnemwgekp®hhnc8@b1
Despite generating commendahl etgdi aggaget idat

reliance on external devices for data proc:

Dacal [22>»Itlralted towmar dapplealati ons by devel
based microgconee DWwi florr galanti fying Trichur
transplanted the novel DL algorithm to the
and quamtoffipatasitol ogtircaans mintfteecd i-hoenlsmibnyt I
ti me. However, it is worth noting that t h

vol ume as a drawback.

2.3. 2 Pathol ogy

Pat hology is dedicated to examinfag2]ti ssue

Within pathol orgegsolcuwtpitarr iinmgadeg hwi th a | ar

acquire informative insights and ensure t he
Medi cal professionals and researchers have
wi t h-mlkiggh fi cati on objective |l enses and sca
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pat hol ogical i mages. However, this approact

a restricted FOV. To overcome this | imitati
stitch multiple images into a combighensi ve
resolution and a broader FOV. Nevertheles
inefficiencies. Furthermore, the process

mechani cal scanni ng, thereby i mpacting the
Moreovy i mplementing a precise mechanical st
an additional challenge in the conventional
The primary challenge in pathology i maging

i's addressed effef2RSHEIPy altyhi appbyihng hFFEBP
il luminating sampl es f-depnt hv airn soiugh tdsi riercttd o
i mpl ementations anpd228iNo¢epbs yof rERPentefaedv at
enabl ed the realiaatlmgwsadtf hsdief nhi adreors ccoepse sa n

pri Mt7Zidngender i-sswgi tdeémf ovel pat hol oyt sedudri eas

Aidukas. T et al. sucoss$ssfF®l mycrompkement e d
Raspberry Pi embededfefde cay svtee nBagyred & enncotr . T
the reconsimegatpixrel ofi mages wi t[hl 2&6 ]JTrhees ol u't
system i s depigneddwmtit bras8bpe structure, v
and boasting external di mensions of 6cm *
i nclude t he devel opgmerrstt r wdt i navetltechmagee
compensantiisnag i fgonrment s i nherent 1in mechanice
this approach is the Hfeeenstfruddt iFOOWV ofu nan
i mage (~4 mmJ) in both the i ntFeing8idt2y and p|

Lee ¢gt74dnlt.roduced a novel approach to FP

customized system. Diverging from convent.i
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smartphone screen as a programmable il | umi
with the-inhr ocntmelbai lats t he i maging device.
i ntegrates compact and | ightweight -optics I

desi genceldanmm cal 2bkgdpt dmhe( Fiegul ting device a

870nm over a FOV measuring 2.1*1.6 mmj], ani
coliomaging capabilities. They developed an
recoveageaeyg I mdinsedovonre&cted scenarios to ent
system successfully reconstructed full FOV
bl ood and Tilia stem sampl es.

While FP microscopy stands as an effecti v
present several challenges. Careful <calibr:
the arrangement of the | ight sourteosignifi
A mdlltliumi nati on scan becomes necessary, an
i mages demamdst hegh algorithms. These f act
i maging speed and quality of the FP micros:
I n contrast, researchers can employ |l ensl e:
high SBP i mages in both amplitude and ph
efficiency of pathol ogy studies. The LDHM
componenital |l ya @pahdr ent i1l umination source
configuration offers a potentially more ef
I maging.

I n Il ensl ess microscopy, samples are direct

where the microscope's FOV and resolution .
area and pixel si ze. Given the tyipnigcally I

robust phase and amplitude r ec8 viemag ense caets s
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di fferen€#esampl di stances.

To streamline the i mage r e¢ dw®ade rutcitfiioend ptrio
natur al i mages often exhibit sparsity in s
they introdbaedd aplspsae siegonstruction tech
wavelet domain. This innovatirmned aippageas hf ar
reconstructdfohdbyBgt sueaess2ul-bysedtprplgaadi
reconstruction algorithm with a simple I e
I maging of breast cancer tissuwd edlyi s monj er
as depictl®@dh.in Fig

Luo ¢etL4paulr. sued a similar objective in a par
sampisensor distance for robust i mage recon
aperbassreed principle. This principle involve
themd surface, similar to FP microscopy,

reconstrfuceedi m&Hh&g ) .Fi Remar kabl vy, this apfg
system's NA to reach 1. 4, achieving a r e:

wavelength ofi dgo@himy, Aditediliommet mMgd od n plalt e

slides withoudteirgehguisrciaamngni mwl.t iThe r esear ch:¢
their techaoolgmteaitmed maagrecer tissue slides a
smears over a substanti al FOV of 20.5 mmj.
I n the realm of pathology studies, cust omi
the most fitting methodol ogi es. Whil e FP 1
mechanical structures than LDHMs, their rec¢
Convley, seLDHMs rely heavily on advanced rec
compact di mensional si zes. It is worth not
FP il lumination met hodNetvoera dhleil ewses , hibgph hNA €
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reliance [dnummanlat them gbt dhet ecti on approach

chall enge. Overcoming this challenge by re
and enhancing overal/l efficiency 1s a cruc
Ef fsorttoward streamlining and optimizing the

contribute to advancing pathology studies.

2.3.3 Cel l Monitoring
LPMs find extensive applications in cell mc
monitoring i nvolbveehsa vti hoeuerass wrdeg meorft ceefl lcel | u

and observation]|[@f24q¢velclrwlsaro pp/r d cse scsreusc i a l [

particul-aelly ifB&apnjidvegc el | cull2@2m,d nmomaintyo rcien ¢
monitoring studies, observing how cells re
the |Iive recording of microscopic I mages o0
such as winchubnataorCO whi ch i mplies that 1 mag
controlled under these specific environment
and | ensl ess mifawaecoohpdeilscceesmedrugee taos t hei r a
versatility.

Customized microscopes, as discussed in se

construction for wvarious applinctedi anesc.hafihe
Sstructures enhances ®héectiadampasas.i | Theg acx

semicondoecthnol ogy has resul-stedednembeddge d

systems. This development allows for direc:
enabling t he applicationconftralatd umatail g a
ConsequeneVvegl af himgthedgr ati on can be achieve
where optical systems, el ectronic devices,
combined into a single platform. This int
functionalncy iamddievidrisca eappl i cati ons.
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able example of-caltusmami ngdptampacim
sed by 198HMMAM iett egglr.at es t wel ve mini at
pl at e, an LED array, and a USB hub fc
ters or embedded systems. Positioned
ned to be pl doad-ltaipsee deeaor dintgu.baEact
scope within MAM is equipped with a G
ssed il lumination and digitdlapsempone
ding of a swelclt ep (ZBwgl.| MAM tpheovides
escence ef f-ti@ixieamictyy afnalr | folwu @rheos ®mence
| el data acquisitimnl atldr adc hri esveelsuta po

r al resolution of 60Hz.

rchers have successfull y7 upopulzatdi dwhAsh

ed with HCS Nucl ear Malsakp siee evpi dReeods aonfd

cells within the incubator. Despite i

f
t
t

e

(0]

g

arbrh es U iotr i ncubator use, MAM does hav

ewveltlo @dl2at es and cannot be adapted

ional |l vy, it requires cable connection
uv.rabil ity

hi eve remote control and automated in
mi-e@ gt cmuwletria and robotic imaging pl at

ned for simul fdl&gqRisc roesliclo p mmo rhiatsor 2 A g
tives, of fering a&mreSbéupianfofmappc
al Raspberry Pi Hubs and Arduino Uno
re, el iminating th28 m)e.edNdtoablcya,blteh ec oa

ms i n Picroscope are equipped with t
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environment al monitoring during cell cul tur
recordiweldof cel24culture plate within the
then transferred to a r-emméeresosmpus@evi ewi i
poptocessing. Additionally, Picrosttaplk can
i maging throughout the i maging process.

I n assessing Picroscope's performance, res
various animal embryonic models (Xenopus ¢tr
during devel opment and regeneration I n th
Pi crpoescwas utilized for Il maging human embr
organoids within a standard tissue culture
of fers remote contr ol and additional aut c
encounters ilmmbtraghomi el d i magi ng, and it
substanti al . Li ke MAM, Picroscope 1is speci
we l | pl ate and | acks broader applicability.
Due to their compact design, | ensl ess micr
monitoring within incubatiteé6lh. | ensbhessullyub:
i maging device was developed specicfically
i ncubator. Mai ntaining a short distance be
in |l ensless microscopes. To ovessaonpé et hi s
di stance, researchers i mplemented an FOP a
i mage to reach the sensor. A sandwich stru
bet ween interference and an oabbsseorrwatiioonn f(iHi
221d) . A small cel |l culture chamber was al s
with the | ensless microscope. The resolut

approximantely 12
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For val i datpisen,i maigmeagpsdéfecGER HEK293 cell s
l@mi nute intervals for 22 hours, al |l wi t hin
mi croscope configuration-t s mewaasdersinoiotgs | p o

monitoring applications wi tihnicnubcaotnotrrso.l | ed e

While | ensless microscopes offer the advan
when it comes to easy integrationwel lth com
or -woed | pl ates. Additiomabdtegssidmg acnamabegsi ¢
|l ensl ess microscopy. Moreover, due to their

and automated mechanisms on these platfor

di mensions pose difficulties, mai nly becau
t hancanheer a sensor. As a result, real i zing e
features requires caref ul consideration a

constraints posed by the compact design of

2.3.4 Microfluidic Applications

Mi crofluidic involves the operation and c

nanol i Geesgrally, the core of mi crofl uidics

—
ja}]
(e
—

i cated by semiconductor microfabricati
i ntricate networks of channels and chamber
These ekevaire often called LOC systems, ena
mi xXi ng, and r § 22tFipan bp roonceeds sceasl and healt
mi crofluidic can reduce sample and reageni
i mprove sensitivity. Mor eover, thanks to it
mul tiple analyticall aftdmatm.onSo mentof at hsei naj
mi crofluidics are POCT, environment al mo ni t
res elaz2ca]

Using microscopes in microfluidic applicat
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enabling precise microscale observation an

all ow researchers to visualize fluid dynan
reactions i n real ti me, of fering i nsight s
phenomena. This visual feedback is essent
validating theoretical model s, and ensurir
Mor eover, mi croscopy facilitates t he exanmn

bi ol equitadli es within microfluidic environme
such as biology, medi ci ne, and diagnostics
pl atforms enhances our ability to explore
mi ni asuemssycontributing significantly to

and various industrial applications.

Both customi medrasdopenshesssuitable for mi
[ 113]Tristan et al . constructed an portable
bri-fgihegl d mode and in three fluorescence ¢c¢h;
i's assheymbdiexd 3D printed parts and cost onl
programmed i n Pyltéhpsne tiomapdagred udiodksess ul |y
the proposed micrahaonmeltomicealfil ue dscngleei
They injédctced| SHRt ai-AAMdatwi ad hs Cat/dse o fan€dl50

recordedhial eviadelol sw fl owed Bb)ough the chann

To obtain | arge FO¥Yhamgges$ affifedsrd raltbd rygseh e c
number of sperms trackilB§]JTihryt het migcadelduie

chacgepled device (CCD) with a microfluidi

(FOV) and automatic recording while sperm
i ntegrated system al |l owspofpourl atth eo ns oorft isnpge ra
the microfluidic channel. Supni ¢ @alrumm mditeh @
the channel can be observed in both horizor
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sperm <can be quantified by tracing th
ditionally, as sperm are sorted by swimm
crofluidic channel, motile sperm reachi.
annetlheafptreorces s.

previously di 2Qamsgs&d 3i 8, Secatsitoms z2d3 mi c
phistication i n har dwar e desi gn, wher e
phistication in algorithms. Considering
crofluidic applicattioonspeccihfoiicc essc ecnhaanr iboes .

croscope stands out as a suitaiklpeedpti on
tivitiesgrcbduphmasi oongamg. Because | ensl e:

Sfpod ocessing algorit hmpsat eprvacdeesos i chagt ahi igr

ignificant computational burden, influenci

nsl ess microscopy hiigha[BBrPop maagtes fwornt haad!

anning process.

nvecsastymi zed microscopepeadelL®CGreaeppldiepa
ke fl ow cyttdmeoturgyhpand parirghcl e tracing.
gorithm3erifror Hagadbe Embedded Syst ems, e X ¢
spberry Pi, fcomisltiruaztt é ®n i magle drad a anal
searcher s-magmidea siagn omi aimd NA optical pa

ss in the spatial -pdxmdisn iwmlsdreaudt iolfi zai nsgi

CMOS sensor f 0-8p eeevdecnetsss.i ng hi gh

Th

ap
di

3.5 Discussion

i's section comprehensively discusses sel e
plications. Considering the configuratio
fferent bi omedi cal applicati onlsi,mirteesde ar c
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settings across four bi omedi cal scenari os
monitoring, and i oruafdlewsi doinc ss e lTeadhtlieng 2app
di stinct bi omedi cal applications, accompal
framewiomnkended to direct researchers towar

devel opment of diverse LPMs.

Choosing bmasaedpmoceoscopes in POCT and hea
advantageous owing to their compact size a
Results can be conveniently obtained throu
transedi tt o designated users or professional
chall enges: Firstly, researchers and engi ne
for various smartphone models to ensure br
arceonstrained by | imited computing power, r
straightforward tasks such as target recog

and segmentation.

I n pathology applications, opting for | ensl
While FP microscopy can afteesobetieonpl omade:
configuration is more intricat-eltb@ammnaehns]! e
met hod requires precise LED calibration. F
seamlessly integrated with an FP illuminat
The primary chalt deeqies | & s sl anieastr @dncwigten r eq u i
for -meilght detecti on. This hurdle could be

al gorithms and applying deep |l earning tech

Considering the dimensions and mechanical
detail ed i n section 2.3.3, customi zed mi

monitoring experiments. These microscopes
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i ncubator,

monitor.

ng. Achi

the processing

airses,

ASs out

eving remote control I S

seamlessly integratingtiwneg h cel

f

€ ¢

uni t . Howe v elras ead cnhiaclrl oesncgoep

emphasi zing the necessity for a higt

ned i n

mi croscopes are

f avoucrhaobilcee, par

However,

the 1 m

section 2. 3. 4, whil e bot h

viable options for mi cr of

ticularly when consider.

p-& r artreetvee wnieceedo froeac diri dgyihn g

ng

ar i

i nvol vispg elli glvents such as particle tracki

means

i margeeconstruct.

Tabl5e..

t he algor

Proper L

i thms should be highly robu

on.

PMs and corresponding char a

Bi omedi cal

:

POCT & Hea

applications.
Proper LPM Probl em
Smar t pbthaosmeédc r 0 s @ , Mechani cal a ddeepstiegrnse ds hwo utlhd bbi
Computing power is |imited

Pat hol ogy

Lensl ess mi

crfMul-htdi ght detection

Cel | moni t

Customi zed

mi | Compati bl e mechanical design is

Microfl u

Lensméessoscopg Al gorithms with high hriaobhu sftrnaenses

processing and i mage reconstr u(
2.4 Concl usi on
I n this chapter, a comprehensive review
types of L PMsas eSdna rctushtoonnrei zed LPMs, and
type is carefully discussed, focusing
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configurations and i nherent characteri sti

presented, addressing the identified [ imit:
type. Following an extensive examination of
emphasis is placed on four prominent bi ome
pat hol ogy, cell monitoring, and microfl uidi
for each application, accompani ed by a c¢
chahyges. This examination offers valuabl e
shaping the trajectory of future investiagat
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Chapter 3M) PApMr{abl
enhanced fluorescenc
re-al me target det ect

I n téasearch, a portabl e "M hMdsobesoaenane r mi
utilizing a webcam in conjunction with the
target detection throughMedgéercsomputpmygsi
magni fication of 15 and demonstrates the al
mi | | i) maJtStAd f eat ur es, making it suitable foc
fluorescent pol'Mésybedy WwW&$8) Nead@dt pd i nt e
a weight of 5&p pgrroaxmismaatned yp h2y si c al di mensi ol

l engt h, 172mm in width, ,ando sl440dongint~ B a b eiag

similar brightfield I magi ng qualThe t o b
customized Convolutional Neural Network (CI
featur e extirmectcioaum,t irnggalof PS beads, and re

the need for data transfer or -firneaeg ei npargoec e ¢
processing methods ( OpenCW eamodn sCLrlalt2e)s, rooubru ¢
i n counting beads at wvarious concentrati on:¢
Si X aggrebatedrmseadft. feature extraction an
counting, our CNN method demonstrated resu
(GT) when compared to the CLIJ2 method (GT

compact sitZzenenptaich@adle at Mp aalaisl iptoiteesoficiaale I n p

testing, field microorganirsensoldrentietcetdi oanr,e aasr
31 I ntroducti on

Mi croscopes can reveal bi ol ogi cal and bio
decades, advancements in technology, such
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El edtecdvani c al Systems) systems, and diffra

mi ni aturization of microscope systems. Add
and -vredflt ed opti cal l enses into smartphone
comE t mi croscopes. These mi ni at uremddy ,mi c

portabl e, feercd icveestcompared to traditional I
the potential to support various applicati:
siektel |[] 22 G,e2&8pr m cel 23 mohdatippriimg det ect

hazardous material s 4 nmdt igoBk3gnlglasdgat er i n r

Numerous researchers wutilize 3D pr-inting

effective micr os c oBpoewnseyns teetmsa.l .F oers tianbsltiasnhceed,
mi crofst0OPell8whlilOl has applications in educ
clinical settings Del mMmanzamina adHrmeEelehyaproc
framewor k for 3D printing optomechani cal

mi cr o srceopipddl2y2 |IDi ederakéso etlevadl.oped simil ar
devel oped microscoplckeompohdnbhg bBbotESOL o
compl ex [slyOslt]Emes cheapest mi croscope, t he

through ori gami techniques, .Whié& Banmpowvwatuicy
device can perform both bfkgBifield and fI

Furthermore, more scientific andspurece se e
portabl e microstciompesiym soebr ad 3admmads inmgg !l e

mol ecul e[ 82t ANNS ohave recently enhanced po
processing capacity. Shen et al . used only
They used a (dda&lpgolreiatrhnm ntgo i mprove the re
mini mi ze optifcadd|Bdeirdeads i abheesseed imi tcernossictoyp
[ 90, 102 ,023k5%n et-t hgehel usedeévioéés and 3D pri

portable quantitative phase mMileOfdhegpes eanc
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ANNs or iterative algorithms to recover sal
[ 155, 184, 2B&ar 28y] et al .codepedimped & o ulro we
ptychography microscope based on a Raspber
construct I magédsanwiwti dtda -rpargpddpuscyiedndidesr om s u b

resolution). Thlhéeéywoaliddhmudedeod mi b2 @\Cale aabeert a

al . published design-aguisddloil mgs afjpdi ca mc o mp
successfully used their prototype i mage f I
E. col i bacterifaz3 &had swolcve pt astprcesbl em of

remote regions where benchtop microscopes
portable microscope with monochromatic Vi s
di stance singl et adetheatiicombljiemitti vean emeach

100 red pldbld cell s

Smartihpmeee microscopes are-seascer mtor opeo |
which are ment@Ozomenrd eatboak. devebaped diff
mi croscopes fof6@amdgDNEg wnio& 7a]edeeksteesct i ng Gi a
| ambl i[a5,6&clyasntds s cr eehilg gl hseiyc kcloemba enlelds a s mar
optfchareays to -deselopianhcgmputational mi
the Wiener deconvolution algorithm8bp recor
Trofymchuk et al . bui lt a smar tnpoHocerceu |l i cr C
detection assay f orr ebssNAs tsagpretc i Kli efb7shidd lalma i bn «
and Yang devel opedbaas el de nnsil cersoss csonpaer tbpyh orneemo v

|l ep239]They made a compact system using a

mi croscope can deaqgHtiieel vl UFOV)a | manges owi t h
resolution. Dai ceotl oaloleydoneuplde @ pdiet f ¢reastes
to realize brightfield and fluorescence mi ¢
can observe <cells and tissues, count cel l

superoxi de|[ HrjoSwrecdg i en almul diedeé lumpred canc e
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back
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smar
wi t h
di ag
I Pho
nai l

comp

huma

wi t h

opto

t phone [rBild rTonsecyo p @i snetderretf dteaclt i on (TIR)

mi nation inside the glass slide®. This
ground ratios. M¢el | er et al . optimize
rescence i n sadsuayhwydnd duigead iaodns drdtSHYor

d identificatilo$2]ofi upatthoagle.ni a¢e moarcstterra

tphone microscope called MUSE, the fir:
ultraviolet surface excitatoHcoanr.e Thi s
nostics, heal t h mdnidf @5l MgKawndt ealVirc
ne and an additional i Phone camera | e
fold capill ami essoTlhei?2#wWYuvsedtihrhedcsvnear |4

ut ational mi croscopes, sudh 4a@&9p hFacsuer i er
rast [mil,rbxl,cddamsl243200 phase microscopes

tructed using smartphones.

r dleadreneipng t echniqgues have been develop
abl e Mm8tcTi2aMB[dpeset al. develle®emedaiagpor
i ng flow cytometer240r242B3mkietg ava.t eadon
gnetically modul ated | en$ld9 Nuc ettomdt.r
| oped a |l ensless microscope Dlaaro her pes
nst-quati thy gBbm@dg@éeGonnor et al . devel ope:
graphic mi-cnokodgesrh dnteemobbwyi I(tLLSTM) neur .
essfully classified different ani mal sé
n [b2l50lofdhe system can al so-19c tffele6gbl oo d

hid progpesdekrdt-earbiaencAdd f |l uorescence micr
tirmal Al capabi-sbur es. mMo s b s cooppeens hav
mechani cal structures and rely on exte
operation. Smalrd pchoompea anti ,c r cofstceorp ense, e dv hmo
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power for i mage pr'dMcens cirmg.c olpre odrter &s ta, btal

Tab8¥k provides a compa’Matainde sarmnweaelryydi ssibmetlwa

systems. Compared to these systems, our af
i ntegration of optical i maging components
straight faoriwvcaald smercthct ur e, all whil e maint ¢

o f a readiltyhsehebhf | avelbe amf fl ens yi el ds exce
withomeetdheéor intricate optimization al gol
Furthermore, the neural network can be easi
of configur-aftfi @nt iavned dceossiugint emds kfeéoeri toenwwew b t Kk

traindagaandl |l ecti on.

‘Mcost4dd®dHn# weighs 670g with a size of 145 n

I'5 physical magni fication and can resol ve
obj éedt has two key innovations: First, it
mechanical design, making it accessible for

experience, all owing &ahynndittesnededisdd goe dt ;
anal ysgs Nidntbiedded neur al net wor ks for spec

transfer to the cl oud or servers i S unnece:

I demondthbwt echagi ng samples and different

retail me feature extraction asad Weo wcwrmotmprag eaf tt
OpenCV, CLIJ2, and our customized CNN met h
experiments. Our CNN can recognize siXx af
(OpencCV: three aggregated beads with 26% ¢
withag@4¥%r acy) . I't shows results closer to
met hod (GT: 201; C89Y) i186hu@amnJIJRBC recogni

These experiment alofreisruditpsl . rdevh Wdte aaf pr oof
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Tab3l Comparative analysis between r
Optomechanical Al Resolution Application Dimensional size Cost
complexity function (L*W*H)
Bowman et al. High No 0.48egm Brightfield, fluorescence, and polarization| 150*150*200 mm, ~_ 250
[109] imaging ~500g
Heintzman et al. High No 0.6¢em Observations of a transgenic Zebrafish 200*50*200 mmnd _ 140~ 680
[101] expressing green fluorescent protein (GFH (Alterable) (Altertable)
Zhu et al[234] Low Yes 0.66¢&em Brightfield imaging 200%200%400 mm N/A
Zhou et al[129] Medium No 1.15em PRCs phase imaging, material metrology] 370*320*80 mni ~_ 5000
Ferraro et al. Low No 0.58em Holographic microscope, flowing marine | ~50*30*150 mn3 ~_ 880
[238] microalgae, polystyrene beads, E.coli bactg
and microplastics imaging
Gordon et al. High Yes 0.8em Automated malarial parasitemia 300*200%130 mm ~_ 1318
[111] guantification in thin blood smears
Ozcan et al[1] Medium Yes < lem Sickle cell disease detection Smartphone+350g| _ 60+Smartphone
Trofymchuk et Medium No 1.2em DNA origami single molecule detection ~200*150*200 ~_ 4600
al. [75] mm?
Jenkins et al. Medium No 34em Ultraviolet Surface Excitation microscopy | 138.3*67.1*7.1 mm | iPhone 6s + 10
[65] (iPhone 6s size)
Durr et al.[63] Low No < 4e&m ( c| Quantification of opticahbsorption gaps in| 143.6*70.9*7.7 mm N/A
FOV) nailfold capillaries, neutropenia screening (iPhone X size)
< 6em (pe
Kuang et al[72] Medium Yes N/A Virtual phase contrast imaging 120*100*170 mm Smartphone +
4009 _1~10
Thiswork Low Yes 1. 6 2¢ m| Aggregated RBCsegmentation and countin| 145*172*144 mm _ 300
mm?, 2509
3. Met hod
3. 2.ML Fr amewor k
Fi&l(a) shdwsramework. The NJIN acts.as the
I't incorporates illuminatUsensLEBs andia
ANNs inside ttheneNhWhfllysmsiweabubsed aM liampt op
this project, It can be seamlesBRbayacrieml ace
simulations (OpticStudi o MOAOG1 )i neemds i eoxnpad r ism:

opticalTheaddmsstMustmainn ofody
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CAD software (Solidworks, 2020) , and thes

printed.

b Detection

optical axis ) Illumination

Screen or lapto,

.. .Galilean expander

Zdirection Samplez¥ “collimation

translation stage

Inverse
Webcam Lens

Jetson Nano

Webcam lens Inverse webcam lens

Fi &gl (M)di agr®Bmop{(bydlilpgetrh.i sAinserted bet

and the inverse webcam | ens for observing
i n the NJN -temerembhgeeanabhlses. (c) The or |
(dM& opti cal pat h. Dashed triangle |lines i

and i mage spaces (FOV: field of view, WD:
sensor 0s horizMosakfbeee, veaOVREéEEdDdwof kivingw,

di st anctMds liblkage di stance).

3.2.2 I maging System Design

Fi3yl b))l | usSMdbésatoepst | caprpat bes the flexibilit)
for brightfield imaging or substitute it \
i magAbnigconcave and a scatt erirerg u@aigihléemamc al
expander .cofllhlei nbaitciooomncave | ens expands the |

coll i mates it.
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One notable fedtwbe®eFsEdtAgeeanngtitee i | | umi ne
detection optical axes. This configuration
bi ol ogi cal samples while preventing the di

i nved webcamMI|liesisusvdeéd nf or fl uorescence obs:

I n the optical detectiotnhsehatl i,  atwebmea mwledr
di sassembled (ELP, Shenzhen, China) and r e\
A specialized hol der was designed tthoe i nt egt
optical filter. Subsequentl vy, the refitted
har nesscidr gt iaore transl ation stage, all owin
pl alnte. i s i mportant to note that tehd webca
optimized. Therefore, thi samelteap wiutblst emh b
optical aberrations, particularly regardin
Before designing mechanical structBres, th

anWbkin Big@gdye)re first Sdaalceuloantleyd a few par
webcam | ens wor ki ng iwerteh e rie@gi{ca)m ,o0 pwea cfail r
used these parameters in combination with
approxi mate 3MMglc)e,svdiheeFegsed the system a

corresponding 3dgrdgmet ers in Fig.

Here we first consi der t he monochrome <cam
sampt eqgi tedmestampl i ng ftrwoq unersc wsstho glhd alse t |
fregueongy.t a betimcrieta s all hdethimeag,.n PEAH at i on (

i s

0060AAMEIe—— (31)
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whedbeis the theoreticalpitieséhod udii ©tna macned hehte
nei glphb o<(@rl 6nd.

The mini mumi g eéesoerhlut'ddcm observe biological

0DO0O6OuLThe i maging system function®lcf or the
ar e:

O ‘00 (3-2)

0060 : (3-3)
where the sensoroés horizont al pi xem, number
respecPtMAME by 5F( madk f ocal l engt hWoiiss 3. 6 mr

approxi maWekiy B8 mBmmBi,s aln&8mm.

't shoul d hlae ndtei do®d mul as presented here a

approximations intended to guide us in det
reversed webcam |l ens experiment. Due to t he
l ens, mattsed wvasltues provide a useful foundat

and range for our tests aimed at achievi ni
empl oywiongpeamsor equipped with a Bhgebefilte

guadrupled compared to the minimum require

i n equ2at iwen s3 mplify the webcam | ens in its
model , which is an i mprecise remrsesenmtvaeti o
primarily to narrow down the initial test |

attaining accurate resul o9, exeleyiimgnademt $ iom

most reliable approach.
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Me anwhhioloes,i mog ra@ sb If wtri RMB CissRB8€tgynpii aagl. |y rangi

bet ween 6 to 8 micrometres in diameter

lesti mdPEed 3 ~ 18tnrmaciinn gr asyn phu b &MMDevddn B

PMAGZrd B @MVMALZ WDrcur ves32@FEc)WhkgnRIMAGver e
tested at each data point five times to ob
errorl Biaxy shosemtoafaché4mmeWDtdhfe mveImmgeand a
average | ateral magnification of 15.14.

a b

Inverse webcam lens || Image sensor
el ]

Image sensor
Inverse webcam lens

WD, A :
—> € i

v

c i Simulation d e
4 Experiment
5
= 541 0
E . S%D:-S.)
;!!35‘ n-.e
531 12
6.5
13 14 15 16 17 ‘!’8 13 14 15 16 17 18 b 5 52 54 56 58 6
ID, (mm) ID (mm) WD, (mm)
Fi®2. I nverse webcam |I-enacmegsar emméeat songéap
webcam | ens. Bl ue, green, and red rays cor
height. ( b) The experi ment configuration.
i1l uminated eby EtDhd LMDW7E, Thorlabs). 111l um

by a diffusive surf aeeslaébs p HTeéhroird aalbsl)engq c()ACL

relationshRBWBr banaveleat er al magni fications.

32.3 11l umination Path

S mul ated and ewpeeitmse eodpatMomiezsdull 1t ;i nati on |

obtain even il lumination B88(®Akbenohyecti epka
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To
br

t h

4 3

fol
50

D&74Thor |l abs) and an -&d&SpberiTwerebdbbmesgd( ACL

nstitute a @aliisl ecaonnfd gylulriamatomr .can col | i

i st Bbhacndd3wer e set as 10mm aTthdke 50kmma,x rReAs pDe c

erwaansd us edabD2ul8at0éd®ummng t he experiment, v

ece of white paper ammftrhoem ttalhreg erte dro csau rifoe

pherical l ens, -2aca). | Tk¢ vini pEt i tFe gpa e
eaatni nigntensity profile. A camera was pl ac
tensi Fy&Pp(rmo)f idreows experi ment al results
rresponding line pBd®fcTheslLBD'es showaensiint
ncentrated at t he centr e, l eadi ng t o e
collimated LED. This high power caused sc¢
even |l ight intensity disttaheti dhiacress
a profile that appeared al most flat i n
better understand how collimated il |l um

ightfield and fl uor escévhciel |nuintrnoastci oopne swi |
Itical and the K°HIO9&n i(IRBwriSA#®#t i dhor Thés!
et tteasr get, and the white LED (LEDW7E, Tho
r brightfield imaging. Three dgi €éryreBx P!
O/ Em 46d¢gr;eeynel |IBDXw 505/ Em 515; red, Ex 580
uordgagmagn cnegg and chose appropriate single

5nm, Lumex; LED591E, Thorlabs) for il 1l um

Pagle0df253



a Cc

) ‘\\Aspherical lens Detector |
Concave lens Y, 1 v ¥
— } | f
I —7 ———————
Ds 2 B o € >
G Ds
b Before collimation

Normalized intensity (A.U.)
o
(9]

=1 0 1
Normalized position (mm)

Fi3. Collimation |ight path. (a) The sim

I ntensity distribution before and after <co

(b).
Figgd(a) il lustrates three different il Il umin
the sample plane in critical i Il uminati on
While this setup is the simplest, it has t
the sample plane, whi ch camMoacwersel y tafcfa

i Il uminate Omn dreal lotrhegi Mmrinldl, u i°md teiroms dc an

Il i ght and providing even il |l umiamaé&non acr

experikKfemlter, i Iwausmi ao@amnbhipmuwctodl | ect or | ens

Thorl abs), a c¢ondE&lsbe,r Theonrsl a bAsCL,2 5a2n0dU t wo d
Thor!| ab3sA)(.b) Fishh.ows brightfield captured | me
types. The corresposngikegmehtnefpiGobiuped ¢ det
34 (b)) are 3IHdenj udgé€&ighe i mage quality:

oPb _— (34)

whelhagnldiarmaxi mum and mini mum pi Eméansatensi

better i mage quality.
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I also tested how the il lumin8d8di(dh Bhelwd a
I mages of three di fferent PS beads unde
corresponding |ine d&d(od)i.l es Bmposthamwnh (o Ik
emi ssion wavelength determines the resolut
filter is employed to block the excitation
in these fluorescent dbiefafderiemagesl,|] umesaltt io

r etliavel y i.heigagntimawmi ghtfield i maging, the

to the il lumination |ight modul ated by the
mi croscope i mage formation, the Umdge qual
t he-MPAIl | unmwvenastuicocnessfully discerned the si:

USAF951 @a2B8ggt mmAaddi tionall vy, we mwerSe abl e

beads exhibiting red, bl ue, and green flu
consatisaist em f rNoAn atnhde -Kioemilteed | i ght i ng set uj
t hpeogual ity of the commercial webcam's | ens
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Critical illumination

Kohler illumination

PAI-M illumination

Convex lens Field Apelure Bioconcave
Light source diaphragm diaphragm lens
. s ' W
| I
Sample Collector Condenser Aspherical condenser
b lens lens with scattering surface
2= W "= 2= W "= 2111 W "=
— m= = ns == n=
a= e a=Ill e a=l ues
- - - =
4= s 4= o W=l i
- -— -
s= o sEIN I -5 sE =8
s=m =, s=m =, s=m |I=,
C
20 C(%) = 50.2% |, C(%) = 92.4% | G C(%) = 60%
180 N 5 \ 7\ [T & \ M /
= / /) [ \
- / / | \
g 140 | \ \ } 120 ‘
[ \ L 1 1. 4 | / \ /
§ 100 [ \ / \ J‘ ‘\ f 80 \ [
60 0 40
1367 91113161719212325272931 1367 01113151719212325272931 1367 91113151719212326272031
C(%)=49% C(%) = 93.8% 180 C(%)=61.1%
18(
b 150
‘B4 120
[ =
2 80
= 100
- 80
30
113151719 29 31 1367 01113151719212325272031 13657 911131561719212326272931
Pixel Pixel Pixel

‘AN HEE Bn
e

Blue Green Red
' Pi):e| B | Plxel - l H ‘Pi;(exelvY .
Fi 84 . Brightfield and fluorescence i mages &
setups.-(Fromedah column is related to the
34 (a). (a) l'l'lustration of three differen
brightfield images were captured under di f
vertical l ine profiles o034 (tbhhe §gtdh) ellamentgr
red fluorescence i mages of PS biemd®i. gCorre
4 (e) .
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3.2.4 Body Structures Constructi

The devel dpwmasntf adi |l i tat ed ftthwaaueg ha nSlo lai d3vo r
as depi ctb,d wint hciegn.t vBeoitly serving as the di

The specific details regarding determining
di scussed in previous sections (Sections 3
The overall Mdmmaeassirengd7@mm in | ength, 175mr
i n height. Galil ean expander collimation \
scattering aspherical condémy9dr I[Femds heo moo
reptdaclkee original webcam | ens ™™JIsderptwictal

path, as demoh(sd)r.ated in Fig. 3

'C

B o e e e ) it ol

Fi §5. ModeaM spacft'Blds (adhemati c. (b) ' 1 umin
redesigned inverscne praehtcam ((Aa0gmedihe vignet

of the webcam | ens hol der.

Fi g6 shows CADMGOmso dpedrst so.f There are four com
(Fi3§(a)), the il |I36nfibnat,i adrh ec oweebr@&fFcilgd.ns ho
and the sen3@®(rd)h)o.l dlelre (mfrdign bDdéipwdacoommmo dhat
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an LED socket (LEDMT1F, Thorl abs) , a cono
aspherical convexGlbensrhoACABSP2PO0DUand an il
stabilizi ndhecowgplmemtisens warso nditshaasnsde entbd a rd
mounted into the corresponding p&8{(t)on (I
The grey opaq3bdg cparatrse isrcrlkiwg.hol es for cou
hol der into the CMOS webcam. The sensor h
mi croscopic webcam Z-dnr écet inoonu ntt readn stloatt e
Thorl abs) for ad36u(sd)i)ng htebred Ifloyed swé¢ Fc gm wi
direction twaasn silnastMasn resti agdbody t hrough an

Thorl abs) .

Magnet

Concave lens

Aspherical convex lens

cave lens P

Inverse webcam lens

Webcam CMOS
Z-direction translation stage

Jetson nano

Figge6 CAModel'S padrts. (a) The main body for
Four screw holes under NJNObBokdhBIhBHtto.thb

il 1l umination cover is used for fixing LED
for carregrang wehkecamvli ens and an optical fil
the inverse webcam.
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3.

2.5 Foreground features extr

functi on

The pr opeesnehda nCcNeNd f or eground featumwasextr act
i mpl e nbearsteedd on a cascade ne-Ne[ad3mhldt woV&Gcom
[ 218t wor k. To acquitrwoeatevsawréebss ebd6mbichedt It
simultaneously reali ze segmentation and [
segment ati onnaeanaprsetowortkhecdin seamlessly | intk
target coumet ngontTdhicasWwW-samp ldiowqh | ayer s, eV
produciealgy psegmesnhedt r magesg data Broad Bi c
Collectionwgd8Bp&e@d@pPbyrl uding the pervasive
captured by a fluorescence mic-Nes$cocpa. De
segregate foreground and backgroun-d. Thi s
requisite for the counevenmg caskol TheoWN&G ae
connected (FC) |l ayer. After two convolutio
fused to extract more spatial features. T
i ndicating the numberewmdorces | Srame raxper wan:
to 250fps (4ms to 33ms processing time). T
Nano for each RGB 256*256 i mage is about 3!
Whi | e t her e arer oumesiong almaagri t hms avail
aggregated beads or <cell s, CNN is more ac:
net works. The | ayer structures and their cc¢
readitloyni zwed, providing a high degree of ad
| earni ng-s anrdctes m@emee d neur al net works can s
Furthermore, tGCheapMdNsi Pr@&®rR¥sabrEallge r@artiiton( uni
par amhaterli x mani pul ati ons. Compared to ot he
outperform them considerably when executed
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efficiency ipmovcarsisonyg itmaskes .

I n addition, CNN can easily acqugueantmathny f e
target s. We compared the propoged(danet hod v

opsmurce unsupervi Sedstdne® haBe)d. met hods (

3. Zagcade neur al net wor k design

U-Net 1is a prestigious networ[RixEl&hIamect ur e
derivat-Netes DHENMHt2S 9 PPOfdIMNxd2 6 0 JamMdet 26 1]

etc., exhibit supeNMator Hacweawvwearc,y rnhmer mumas vek
i n these architect ulrrest Hiesa dpbtjog cdicity, e ntohdee It os
compact, efficient neur al net works for pol
cruci al to achi-evVé bhetwaennabtaracwdand co
Vi sual Geomet [ Y IwBajso udpe nfovnGsG)reaatleidz e counting
uni fied; rhaernddwayr ¢ opol ogy,-sampreng hkeavemps hc
easily cAdntfhidheugrifeedti2zs] a ubi quitous backbone

gradi ent vani shing and accel erate idmsnver

generalization deteriorates more seriously
VGG can be generalized to different applic
feasibilitySectcehls 8od3n®Biagd 3. 3. 4

The newa rikmplwe mehntPgdor ch. Two net wor ks wer
an NVIDIA RTX 5000 GPU. l mages i n the trai.

training and Th®O bfadwahy tstiezttkdt and. t he number
was tet200. A batch normalization modul e f
prevent gradneetar V gniss$ lowppsg nug esdtvroa tde goyv er f i |
during the training stage, whi chderfeiamesd t he

pat inemtber (ten in this <case) before the |
Pagleldf253



exponentially decreasing | earning rates we
training processes. Adam wa s used as t
BCEWi t hLogitsLoss -n(elt) |wesrse fMG&nta odntstJa i Anfitnegr
i s compl etedjned s mpdelpr acessiarsg af umrcd i on
foreground feature extraction i mages 1in t|
net work with conventional OpenCV approach:i
(cv2.findContour s (L))) afnun cctvi2o.ncso ntt umr da leiad e
and coun37ing.usRir;ates workflow charts of t°
OpenCV approach and Route B for the cascade
we al so us[edy4lheu@GEUpB2rvised method combin
[ 2681 d Voronoli26ddilagr amscompari son. The CNN
i mpl ement both feature ekotratheo®@Wpan@€Vcmahn
feature extracti en eies iaratgaei nperdo clkeys smaidgge | an
real i zes ftuhnec tciooumn.t ilnng contr akteebboh fhacCL

met hod.
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2 Step 1: Traning U-net for foreground features extraction
U-net }»

Ground truth

Intensity images > i i -
o foreground features extraction images

for training

Training finish Saved pretrained
Saving U-net model  U-net model (.pth)

b Step 2: Testing U-net for foreground features extraction and training VGG

rlntensity images
for testing

l

0 counting resulis
cu ¢
OpanCV
Saved pretrained

U-net model (.pth) =P foreground features extraction resutls | megp VGG

\
Counting results Route B
Ground truth

Route A

\\

IF Route B:

Training finish Saved pretrained
Saving VGG model VGG model (.pth)

c Step 3. Real-time foreground features extraction and counting

e A
5.5 Saved pretrained
. o = U-net model (.pth})
L] ﬁ
F ® Saved pretrained
i3 ] VGG model (.pth)
Foreground features extraction ouput
Real-time input and counting results
L J
Fi%7. The cascade neural network architectur
(a) neftUi s initially trained to generate ma

to serve the counting neurtalai meetdwadindkdeaf t e

opesatse the test model to generate clear m
the counting networ k. Il n contrast, OpenCV
opti mal VGG model i's also saved when traini
inethest mo d e, and the intensity i mage g
corresponding mask | mageehandut het number of

3.2.7 Foreground extraction perf

It i s essenti al t o definéorantdher e e gmentaqg

perfor mandet orfet wWer J for forerdidwidtfieatzede
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to evaluate the, fwhisgletindedxtasacti on

loU :ﬁ, (3-5)
TP= m&& i, (3-6)
FP=(m|| /) -m, (3-7)
FN =(m|| i) -, (3-8)

Whemand are ground truth and predicted mask
0O to 1, where a greater | oU means the pre
regarding the grounwas r uthdon@lsrko ns ddOudrec ti reasgt «
dat aset and evaluated predicted masks. The
and CLIJ2 are 0.35, 038&,hoawsd tth.e7 $,e rrf eos preamtci
di fferent algorithms which wer eOlusied ttlhhe ge
original image@iffireom hédbgdaa spd tOrdtyhtela od her

three am@B k sngek er ad cerdr ebsyp b g o ir. ihgdhimsk of t he

dat aaat be tfhoeu nadp pietndi x .

Fi &8 |l ntersection of ureithmndsl. otGTf ors ttihreegr
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3.2.8 Sample Preparation

Weused distilled water (Ther moFi sher, USA)
concentrati®on®. 4D0P®BL.A0 d0d *Be &6dsl/OmL) . The
di ameter of am.l]l HoS bfelaudosr eissc elnOt i magi ng, WE
beadsg(béneg Ex 430g/rEemne nd,65Ex y5e0l51/oBam 515; red,
Ther mofi sher) sbbheadohslL wi o tmc eln t8rl atdi on . PS
Ther mofi sher) at dvie fr fe e tuesnettd/dss +irdegardt riamai goen s
foreground feature extractiBachamdianpéad co

prepam etdhe gl ass si de glf Coolnumea., USA) with &

3.3 Resul ts

3. Brightfield I maging

To assess the bright MjeWwd ¢ oMnpgaanndg dac abpeanbcihltio

mi croscope (Ol ympus BX51, JP). Prepared mi
muscl e, Hydrilla | eaf, and rabbit spinal c
undearghbrfield il lumination. When wusing the
I['5 objective lens an8omyh)e tS@amebsemseort lfé M3

i mportant to note that this comparative ex
becaMsmagni fication also matches this wvalu
the objective |l ens of the benchtop microsc

M, | imiting the comparison to I5 magnifica

As shown9j nt Regi m8ges of the prepared micr
col oemperatur e of di fferent i Il uminati on
backgcobubBdrther more, our experiments reveal
benchtop microsc@eofecacntsaigm arnesr ec oanptar ed t ¢
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withM{thattributed t oNAt hogd dihfef eorbg neccetsi vien |tehr
‘M''s webcam | ens has an NA of 0.2 and a mac
mi croscope's objective | ens, which is an (
magni fication of IM.sd&theg hémhielee Nteefj act hen

focus signal s.

't should bbenO®Otympdsthabhchtop microscope
of fer a 15 magnification dreensi bpbieh, (dbehy
to choose the 14 |l ens for comparison purpo
I 5 magni fication i s

(https:// www.thorlabs.com/ t-802pr odwcgetcf m?p
constraints prevented us from acquiring a

comparisons wi |I-tl hsehiemft oniicmolscodpi aef fobj ecti v

t he magni f 1M ast iwerb cafm tl leen s

To valM kdatreesol ut-i Pml neéreo|lUStAIFon t arget was
di fferent LEDs (LED4O05E, LED465E, LED528HP
Thorl abs) . 228 |l ine pair/ mm targets (EI eme

di fferent ( wa-§@) @8ngtdthsated by arrows).

I n Fi10a ®Botable deviation is observed bet
resolution and the actuaMTeamempirreitéalaldegs olglo
NA(O. 2’Mfaorrd il |l umination at 523nm, the sys
resol ution of empprHxwenadre,l yt hle 3@ mpi ri cal

significantly | owamn, rhdagdllutgihan nagf aabkdd wstc r4e.p!

further eTxhansi ngaatpi obnet ween t heoretical predi
can be datttor isbeuvteer al factors 'Mnisgiseéereim. i Thet
constraints Iimposed by-etffhecneecd fdersiagnp oratye
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l'imit the optical system's resolving powert
spherical, are particularly challenging to

contribute to the reduced resolutnemt.s Furt!

the precision of their alignment, and the
fully optimized to realize the system's pol
To solve thmpeopyemédntesnsi nithe quality of

I mpl ementation of advanced aberration corr
precision could significantly narrow the

resol(ubteican on 3. 4)

Dog skeletal muscle

Hydrilla leaf Rabbit spinal cord

benchtop microscope
objective lens

above focus plane
focus plane
below focus plane

Benchtop

depth of focus

M objective lens

above focus plane
depth of focus

focus plane
below focus plane

ﬁ
™
X

Fi 809. Prepared microscope sl iMdesndi megesht o]

brightfield microscope. I cropped these i
comparisongm am&al ehdab0is for adust mages. I

scratch on mtapbecegdi bysbedekBmagnmi ccasicop:t¢

The benchtop microscope objective | ens has
sensor wi || coll ect information 'Mas this r
objective Illeemrs ept ha osfenafhawucswes orfaniges hi ghe

magni f.i cati on
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405nm 465nm 528nm

Noad 1 s
WA ¥ T
fu H >R | '“ / JIRLE. |
N | K- U i v
f' Mhofizonta { horizontal g %] horizontal
o g g
M ,"\ ,“ /.,‘ [ n 1/
filakg ] rJ‘H" ul I
PRV VY 1 3
J L. LW \ Fhil
vertical / L vertical Ik vertical
J position (um)‘ 0 position (|.|m)2D 0 position (um)20
591nm 630nm Bright field
T o z ol
A y - |/
LW AN s
[ € INRA = ms )
/ ["horizontal A [ gnorizontal a= l" m=sa |/ W horizontal
1 R £
i i = "= MAA
N ‘L 'r} My “E e AN
AVAYE s= 6 VA
| A Fa N -y lll — Y H |
' . LI R [ LH | Y
vertical v vertical ] vertical
0 position (Wﬂ)20 0 position (um) 20 0 position (um) 20

Fi 81 0Mb6s resolution under different i1 umi
croppedcfemB@et hidori zont al and vertical [ i n

Group 7 (indicated by arrows), are depicte

3.3.2 Fluorescence | maging

For the fluorescence i maging of wvarious PS
sources and optical filters. Specifically,
bl.-geeen beads, a yellow LED (505nrmeenLumex’
beadmsd, aam orawagel engghe LED (LED591E, Thorl a
red beads. Optical filters with specific w

Optics) were selected to observe the fluor

To capture brightfield images, the system i
without the need for specialized filters.
modi fication involves the di sasfsielmbelry. olfhits
step is undertaken with precision to ensu
components is maintained. Foll owing the r¢
specifically chosen for t h@bafslewWor ®rs c & rheee

f lruophor es' excitati odmi andarearfi lsliy np ovzaaivteil e
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optical Opaehwag. appropriate filter i1is in

ensuring the webcam I ens holder and other
repositioned. This reassembly is critical
ensuring tvheer aslyls tfeumcst iconal i ty. The meticu
optical filter and adjusting the webcam | e
bet ween brightfield and fluorescence I ma
char act ersiazmgtliieosn ucsfi ng both modal i ti es. Tr
techniques UM dsersstcean’ ess vtieresat i | i ty, making

applications in microscopy.

Howevepyrothss introduces a notable | imitat
alignment. The manual adjustment required

being meticulously <conducted, i nherently

alignmentali §himenmji seven i f mini mal, can po
accuracy of the captured i mages, thereby i
systAemdr essing this challenge necessitates

of 'Mheysheetnad il seddss €iamnbe found in section 3

Figll 3shows the brightfield, fluorescence,
|t al so inthudemgesesomddyhdagthdedecdr égt aynegl |l eosv
zoonrmend i mages <clearly show the aggregated
Not abtlly,t hbe brightfield and fluorescence i
within the same FOV by chang{(ap)taedwaticasm

the optical filter, offering a versatile al

Paglet®f25 3



Bright field Fluorescence Zoomed-in

° = & *

Fig&8ll Fluorescent PS beads image with diff

denote aggregaemeschlkadbar The B06r the first

em scale bar is for the I ast column- The f|
i n cnolaurme not | ocated in the centre of the
oblique il luminatrioamdand sthlapebeadh@n3Dhe i
excited fluorescent beads obliquelsyd the |
centres but their edges. Therefore, fluore:
These fluorescent signals are all/l |l ocated |

3.3.3 Foreground feature extract

PS bead sampl es Wasr-giemdefilotegsbowd feature
counting perf®2. maskbews fThbl @guantitative ¢
i mages captuk@e gmMXND)d.heThe CNN counting meth
superior robustness compared to OpencCV, as
beads. At | ower (|l ow and medi um) concentra
perfor mance. Ho werveaetri, o mst, htihgeh eCNN oanlcseantout p
met hod, primarily because the CNN can recoc

the adaptability and versatility of the CN
Pagle20f253



and complexities.

Fi 1 2shows foreground feature extraction

Fu

ncentr a8lipa)s. s Hows | ocal FOV sampl e I ma
ads/ mL, medium: O0.91106 beads/ mL, hi gh:

reground featur e extraction resul ts ar ¢
2. morphohogy&R processes OpenCV input ma
ape (shown in the CNN input mas k) . Thi s

curacy of OpenCV. CAfaed E£&ddmensbasi war eOpes

r bead counting.

rthermore, PS bead samples with different

OpencCV, t he CNN, and the CLIJ2 method in c

ei ght) . Fifty other groups f orl2(alc)h sahgogwse g

t het hhmaps of <counting accuracy for OpenCV

beads), CNN (80% accuracy for six aggregat

S

X aggregated beads). These results show

counti mggneaandats e n.

Ta b3-2. Bead counting results. At each conce

captured i magceesnEWiNtsh &GiTf i sr @emte ground trt

average value, and Std is the stand

225 klea( 450 Ileq 900 klea 1800 de 3600 dea

Av g St d| Avg| St d Av g Stq Avg Std Av g Std

GT 57 15. 104 13. 153.f 9.1 298| 6.9 558. 5.7
Openg 49.4 12 77 9.1 103.| 6.4 217, 5.9 293. 5.9
CNN 57.¢ 16. 108, 15. 158.( 8.1 304, 4.8 571. 5.8

cLIJ 57 15. 103, 12. 149. 10 282, 6.6 504 6. 1

Pagle2df253



a Low Medium High b OpenCV Counting

Input

Counting results

« 3
g CNN Counting .
> 1. 0 0 | 0 | 0 0
(;':) 2 0 (1] 0 4} 08
g " o |
B, 23| o 002 | 0 0
o F 06
o4 0 0 0
25| o 0 0
£ 0.4
36 0 | 0
] I !
7,0 0 0 0 0.02 102
8 0 0 0 0 0
1 I lo
1 2 3 4 5 6

CNN mask

CLIJ2 Counting
0.04 0 0 0 0

1
2l 0 0.1 | 0.02 0 0 08
23 o
3 4
o 0.6
o4 0 0 | 0.02 EECE 014 | 02
= I
» £5/ 0|0 |0 o o
7] S
© 96/ 0 0 0 0 0
= [&]
pp 70 0 0 (1] 0 0 | 02
= | I ! |
— g 0 0 0 0 0 0
%) ]
1 2 3 4 5 6
Real aggregate beads

Fi 812. " M6s foreground feature extraction and

Sample i mages of | ocal FOV and comapespondi
l nput : captured i mages. OpencCV, CNN, and C
feature extraction masks. (b) Accuracy hot

CNN, OpencCV, and CLIJ2 methods.

3.3.4 Red blood cells (RBC) extr

Furt'Més, functionalities waractuRlep@dirediogi c
human RBCs swietah &% dimgltmses assadrhlee se sampl e
webeufhom the Chtopbsna/ wWw8Ac@r-mileamas copnéd hi
sl i debsl/cfoids gnemmircr o-skbge/ 3 1ABcl2dr. dpirn g to pr ev
bead experiments, the OpenCV method perfor

and CmhdtlJliRods wer ke récen.nfsiyvdexrregggibon i mages fro
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samples were randomly selected-3f oprr oRRB @ eesx t
the statistical results, and the GT was es
benchtop microscopCorardspantdahggybopumandr Wh
shown #BCé&imgamBded to CLIJ2, the CNN method ¢
and accuracy when applied to biological sat

applications

Whisker and Box Plot

OGT OCNN OCLI2

300

250
- g =]
C S g
g200 >§ i
(@]
© 150
Q
e
g —
3 100 ) 1
50
0
Fi gl3.3 Whisker and box plot of RBCs
Tab33 RBC counting results
Ground t CNN met CLI J2
met ho
Aver age count 201 19 6 18 9
s utbegi ons
Counting stan 41 38 33
45 -safhions
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Fi &l4shows original i magMsamd & MBrCrse scpaqrt duirregd
extraction maps using different methods. (.
yell ow | abel s, and these masks are used as
(Fi3g).. Each RBC is coded in cddleoudbidJadimasleni
RBCs do not sbhapeThteh eexstarneect i on mask and
obtained simultaneouslifyredl appugaclCLI pgRi ors
about two panamettédres ddesft ance of segregate
segmentation boundary is needed.unEhlesteo t w
achieve opti mal r essruil v esn CGldoNvedees 1 dhite Wav a

Thes ame wa&suddansi stfeonrt |tyh eo bstaamen eidmage i n di f

221 RBCs 239 RBCs 233 RBCs

223RBCs

et
: AL )
) ...i '.q“gl *

%&i’ }’5“:' '“
t&c'.‘. =9 '*"

AT R

216RBCs

CNN mask

CLIJ2 mask

Fi &14. | magesRBECs Wlhmard i rst row is the origi
‘M, and the second and third rows are foreg
CNN and CLIJ2 methods. The number above ea
counting result of atnhde Cgrlawn dnettrhwtdhs,. NN s
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tolpeft i mage is 20

Her e, a cruci ahel it mstM naro oda nssheerh aRBC sampl

compari soquwil i hyhi glagrecshmifapos caonpe. The omi

t hesei attetsrtisbuted to the initial scope of t
foundati onal dvapaibilleistsi ecsh aolfl etnhgei ng condi t i
constraiMtsy otfem,heresource | imitations, anc
mi ca mse . Future research wil/l need to inc

mi croscope on denser RBC samples -and compa
mi croscopes | i ke the Ol ympus, to @&nsure th

system in a wider range of <clinical and r e:

3.4 Discussion and prospect

LPM areostowrueedl y, and daoampacetd. alrre arse s dun

power ful t ool s f O6MO sbicoomepda nceant sr ecseemrartcen .easi
and i tmsech@tniic al structure is emmpldeded]l t (
systemnNJBchieves i magge mdcaumiasiysi eanwamndhomue e

Different from ot hBrhpersabeerami onbgueptesat
(1) easily customize their ANNs for specif
patrn recognitionM dodscebt rceuntomgnei{( &dpr |

The NJIJN, a robust cal-tciumeatamal ymidu.l eUs eorbg ad

upl oad their captured i 'iMagean the saer VANrNs tan
malci ne. Users can seamlessly capture i mages
Despite its innovati vMd abelsiilgint sande ratpagil n clait
mer it attenti on. One notable constraint [
benchtop microscopes under identical condi
ev atliuaan of i ts performance. Furt hMd,r mor e,
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although <commendabl e for it scodnpawigtdh and
theoretical expectations. This discrepancy
optical aberrations and the quality of il!/l

compact microscopy designs.

Tosoltvheese | i mitations’' M fcwtuldrde fiotcairsa toino nesn hoe
optical components and il lumination strate
resolution. | ncorporating adaptive optics
corr exhterfroart i-toinme .i nMareeadver , optimizing the
ensure wuniform and adequate I|ighting coul
Expanding the comparative studies to incl
benchmam&«ts agraventi onal mi croscopes woul d e
th'M s capabilities and areas for | mproveme
i mage processing algorithms and deep | ear
hardware | eminbgtiompsovetllf i mage reconstruct

These advancements Mosgl dtfibitlyei nsdli ver g ¢t
clinical di agnostics to environimemitt@éd mon

settings.

PS beadvabhmgwitssed eat ure extraction and targ
Experi ment al results show that the CNN is
in bead counting. Si x aggregated beads can
Furthermore, h umpd nre sSRBvE reve anBbgdle bgnt FOVs
RBC samples were selected randomly for rec
statisti cvalacahniaelvyesdi sc,l oser results to the
bead and i RRQtex pseirohwa st hppdt ent i al i n biomedi

especially for those i mages and targets wif
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I n this project, the primary objective was

for RBC i maging and counting, specifically
project funding constraints, expertioment al
bi ol ogical experiments, more complex biol of
study. However, sever al prepared teaching
comparison, demonstrating the system's pot
Furthermore, while the segmentation and co
using brightfield i mages, the inclIMision of
has the capacity for fluorescent 1 maging a

‘M to enable the detection of sickle cell
drinking waltiemi i @adresgiuoce® at a relatively
i ncorporate more fluorescent i maging and

enmhncing its wutility in healthcare and diag

I n the Al-Netspeet worak Uand a VGG networ k wer
provide segmentation results along with ta
simplifies the system's data procestsi ng bul
to not e, however, t hat thi prempaahed bampbe
meaning those with mi-wobmbhd cobnhambhamtpp.l i

di stribution of complex contaminants on sa

al ghoms tin accurately extracting targets.

The absence of detailed quantification reg
times, and sampl e M rsryasdtieanm cies |aenv ea ssp eicnt otuhra
el aboration to enhance the compe ethemmi'vieaal
ti me' in the context of our study was wused

and analyse I mages without perceivabl e del ¢
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and demaiks inan However, it 1s acknowledged t
of processing times, including exposure dur
woul d provide a <clearer understanding of

capdhbh ties.

The processheg NINeed @&f critical par ameter,
the applidtiinomcefnatrhes requiring rapid da
di agnostics or environment al monitoring. T
processing speedainsouwudy was primarily due
system's evalwuati on, where the focus was
potenti al applications.

I n future studi es,;siet dmeetahion ti ss utbos taaddri easl sl yt

compl exity OoMe twimell emmewdbr benchmark tests to
taken by the NJN from i mage capture to the
i nclude assessing the time required for va

prprocessing, anaé¢ yusNMaeasn vanididad,c scophgyerpger i me

determine optimal exposure times faorre vari ol
i mportamits will ensure that i mages are capt
analysis while minimizing pMet ent Paleud @mang e
the irradiance | evels for different i magi n
ensure sample safety. This is particularl.y
excessive irradiance can | ealMoteopbdot odbdma
contaminants wil/l be introduced tmtteest th

rewdr |l d scenari os.

As mentioned he ackapgti avi I18iyt8yt 8gnf twurt ransi ti

brightfield and fluorescence I maging, thro
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webcam and adaptationraod uonp ti ad a lo nf ii Int enras nt .

optical Celei gpmrmemts.i ng approach is the integ
system, equitp prned fwietdibacé&almechani sms. Such
advanced algorithms and actuators to adju:
ensuring opttiimalacHiiggmente nand mai nt ai ned t hr
This automation would significantly reduce
i mpve the system-fsr ireenl @ haobhi & & st.ya vaenndu eu sfear i m
i nvol ves the design of a modul ar optical
mechani sms. This would allow for the quick
without di srupting the c cEraec halmogdnunheen tc oaufl d
designed to fit into a predefined positio
alignment even after mul t i plEx pdiosa snsge nmbh eys
solutioasf wcdl pei nt of our futureMresearct
system's ability to maintain perfect align
can unlock i1ts full potenti al and expand
scientmegdiccalndf i el ds.

These targeted investigations will not onl
efficienMysyosft eetnhebut wi | | al so contribute
scientific community engaged i n t he deve
mi crpys ctoechnol ogies. This concerted effort
potenti al o f portabl ewomil @r caspcpd pyc agy 9tnesms w
efficiency, and precision are of paramount
For RBCs counting experiments, we recogni
analysis to fully wunderstand the algorithi
conditions such as denser RBC sampl es. The
and ebhenpe of overl apping cells can signitf
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Addi tionally, comparing the algoriMhm's pe
system veersdsmiacrhaghope | i ke the Ol ympus, |
qguality, could provide valwuable insights i

segmdgnton al gorithm.

Recognizing the importance of these aspect
subsequent studi es. Future research wi ||
i ncorporating more detailed data visualiza
nuantcheosr oughly. We plan to conduct comprehe
cell densities, including denser RBC sampl

i mages obtainéMd dyotmenbodrmd tdemndy emitdc ommad o phyi
systems.foThesewiaéfl not only enhance our un
strengths and | imitations but also contri bt

of Mheystem.

3.5 Conclusi on

I n this -prtiudtyed apB@Ppabt edAf |l uorescence micr
M, has been introduced. This compact devi
(LTWIH) and comes at a®d08fTlea diarnd @ rcg st a tolf
was achieved by reversing the front | ens o
|l p/ mm when testedMwhib OUleamoUSAF att ®rdgethe c ar
brightfield I mages comparabl e t o t hose 0 |
Further marecan observe fluorescem.t THe bead

embedded CNN iemabfieast urralextraction and acc

Quantitative experiments have <confirmed t
counting inaccuracies caused by aggregated

compared to the OpenCV and CLIJ2 methods.
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i nvol ving the extraction and 'Mowumti mgl of R
bi omedi cal i mage analysis and disease det

facilitating advanced healthcare and diagn:
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Chapter 4 . -bSnsaerdt |
Opti cal Sectioning (
wi t h A Tel ecentric
FIl uorescence | maging

This study intr éeddhsecas Opt Bmaltt Bleacrne oni ng (
empl oying the Hi Lo technique, wherein a si|
higlbst illumination source and camera sens
opticalnimathcage systeoems ntenhandaepd ewist h 03 [

smartphone with the main SOS body seaml es

i ncorporated into the adapter, efficiently
DMD with mini mal | oss
An ETL is ueiffFezedveomxcastscanning instea:

stage. The ETL is conjugated to the object
design through a 4f configuration.n This de
across different | ayers, preventing variat:.

a telecentric senmanannidn ga nr aanxgiea lonfr e5s70ll.u5t i on o

The brpreacd rum LED torch of the smartphone
fluorescent PS beads. Consequently,- the SO
contrast i mages of fluorescent PS beads at
sechigonimaging of accumul ated fluorescent
represents the pheosedr Hhngo smmptipbhbnesectio
of fering a edofercti emndt colst for bi omedi cal

resoluirmiet ed ar eas.
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4.1 I ntroducti on

Widefield fluorescence microscopy ( WFM) I
sampl es b e ccaousstef eof i vietnse s s, rapid i maging
phot odamage and 2@a’rtilovleer®a hi nWFM' s optical
function (OTF) indicates a | i miitceodato@mtsitc al

i mages dodfeo d wbs ¢9Rit6g8n, a2h6er]e f or e, various meth

proposed t e oandhriassvte olpitghcal sectioning 1 mag
One such method is confocal | aser scanni n
spati al pinhole filter positioned at the ¢
rej eoti ocwts fl uorescence. The scanning mec

mi r rmodd sa amot ori zed s tda grne nfsd ro naad[qA(23¥DD h g ntalgree
Line scanning confocal mi croscopy (LSCM) o
sl it replacing the spatial pinhole in CLSN

instead of three, [€n/BamRc7ridng scanning speed

Tw@ hoton excitation microscopy (TPEM) pr o\
obtaini-gnthiagh Il mageisnfridr-ghio ztomag absar pti

mi ni mizes tissue scattepopfimguan[d2iBFBAbegl Yy s

Light sheet mi croscopy (LSM) S anot her
[ 23, 9.4 n2 L&EM, the illumination and detectio
all owing the l maging objective l ens to de
selectively il luminated pl ane. This setup

whil e enhgd mai rcgzn2®Ma]s t

Compared to the previously mentioned metho

(SI'M) boasts a relatively easy configurati
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focus I mages wi t h notabl e cont rfa&8t2] and (
| mpl ementation involves the use of a DMD or
periodic patterns [@B8BoTRd® hédassidnyplien cpolrapnoer at
sectioning into WFM, Mert s’ group ©pioneere

optical secti[o2nli,mPBBe LB&®K i liittsi est r ai ght for wa

requires only two i mages, as opposed to SI
principle involves acquiring one unifor ml
i1l uminated | mage, foll owems by demigee pr bee

sectionfedll]i mage

Hi Lo ted fe@edti ve by using a coherent |l aser .
sampl2els, 2&5, 1&]ng an incoherent | ight sourc
on samp8 2s2BBn 286ajale. presented that Hi Lobs
performance is ¢Q@mp asBidibllad 9Has Cdesmonstrat ed
i n applications su[ch9dd)ss ex ¥ aitmaogie ocdy tncenue torny
[ 291 ,eXxP2A]Jor ati on of 3D ¢el98rmacbdameéewcal ofpr oe
i magi ng[ 209Hajlritthyer mor e, Hi Lo cah28aa29slate w
optical scanpka8ag,@edscpriotsec oiptys rel ative si mp
ot her optical sectioning modalities, the <c

SLM, and advanced camera sensor remai n not

Many smartphopeed ohamaeclei glmage sensors and
costs are relatively-blacsve,d wrhiccrho smakpeys asimaerf
affordable choice for varidus S5A4ppgiliteatsieon
det e¢BiroRA9a8ndofparnetf 6o egv er , smartphones
i ntegrate with different -fiimalgd ngi @®&@dopgy e
fluorescencle82mj3cOPdlacep yhi7vOr, dd¢ d@ynad4 1Fouri er
ptychographj @ 4dmi croscopy
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However, mo st of these dawiecas @mnidmasreinlsyo
smartphones, necessitating additional exter
potenti al despite| bBeBBo3mhhmgpceapdmi Isiitnmpe
smart-phemad microscopy, screen LCD and LED

been used floF4,i84Juminati on

Her e, | presemasedc eo ptmacalp hsoencet i oni ng ( SOS)
our knowledge, this is the first Hi-Lo micrc
effecti-vectoipoemeadl wi defield i maging. The sm
sensor, reducing the overall cost compared
smartphone's Bayer filter and smal-I pi xel

resolcwtliommagles without ¢ blfoimleteedr §.0r exter n;

Adapters were designed to integrate the sn
These adapters facilitate the incorporatio
l i ght guide was introduced into thhee adapte
DMD. Si multaneousl| vy, a reverse smartphone
conjugating t he i ntermedi at e i mage pl ane

magni fication.

The ETL was conjugated with the objective

telecentric axi al scan. This configuration
at various depths. A spectrometer was empl
revienggl its broad spectrum, effectively exc

wavel engt hs.

The SOS microscope has a temea@emdt rainc asxc aan

resol ut iem.n lotfs 1cddlaprabi | i ti es were su€cessful
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contrast wi defield fl emr €Sc eneta dis mawgietsh feena
wavelengths of 465nm, 515nm, and 605nm. Opt

PS beads were asmnhiaxvead wianlgm sa& mpbh oyi ng a

To our knowl edge, t he propbhasad SHISL oi so ptthie
sectioning microscopy (A1l,965), which can
a traditional HilLo system (A9,000). It is

resoluirmed. ar eas

4. 2 Materials and Met hods

4. 2.1 Hi Lo Principle

I n Hi Lo, two images captured uwnedreertusneidf or m

extrac-toduhsf rheimguhe ncy ¢ o mp o A eorctusst r(ldaCe) n cayn d

components (ILC) asrdtgemelpgtywy mageoptical

Lo (6 Y) = A1, (X, y) Hy (X Y), 4-1)

whet gx,y)is tfhecushrlegqwency | jxnage &fhac uisn

hi4hequency i mage, and x and y are spatia

par ameitserused to avoid the discodfdt2i9myi ty at

h= % , 4-2)

Kc

wheH.antdP, ar e Gauspsasasn apnadg Bl ofwi | t ers, respe
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K., t hoef fc uftr equency, should be |l ess than or

i Il umi natlitons hpoaultde r Kei sn oad jcwes ttehdatby t he fr e

DMD patterns. I n section 4. 3K,4,s fscert falsuo

45 . @6Jepand -pades hfiiglht er i s directly applied

dat aacfqarily(k, Yo omponent s.

According-ftieltdheniwirdbess-t opgquenOYVFfeht ghes de
def ocused fr onm 3t0R4T hiunsgpcpen s pllfaagiheberoap p Ihiee d

uni farlrmluyni nated i mage to obtain | CH:

i, y)= A{HRJ{ [A( x I} (28)

wherAeand?® are -dtivmensi onal Fourier transform

transform, HPRedopratte vy eby passsifan thirghwi t h t
frequkenlgys the image under uniform illumin

t hef acnusl t,eramd the dgfocused term

Iu(X’ y) =1 focus(x’ y) H defocugx’ y)’ (4_4)

Similarly, -itlhleu nsitnmautcetdu rialhadgye under sinusoid

IS(X’ y) =1 focus(X' y) M Sin(% kX)I focus(x’ y) +defocugx' y]’ (4_5)

wheMies the modulkatsi eomedeppatheamdspati al fre.

pattern cafmooeonwsg uilmages n whereas defocused i
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't shoul d Iheé MDo tciame db ntltyatgetner at e binary pa
S| patterns should be stai PH@Prxaotjteecrtnsa. sHow

pattern onto the sample plane of a microsc

into a sinusoidal pattern is often attribut
itself, as well as theThetDMRAI|lcerysitetms odf tt
of tiny mirrors that can tilt to direct |1
|l ens. The edges of these mirrors can cause
it passes around thddsedgeowfot hanmobjects. i 6
the wavelength of light, which can | ead to
the sharp edges of t he stri peMopetotvesrrn i n
imperfections in the optical system of the
di stort the projected pattern. These aber

contributing to tRheominhesoasméc thpegfe dF auhndiee r
i's projected througlkramy esydt &km wihteh DMDf iamic

optics), the system performs a Fourier tra
being |i ke a square wave, has a Fourier tr;
The optical systeminasoiednplhasdo mpordretse, e
coherent il lumination conditions.

To extract Ity ,| L& Wweioghdh oyl df tbox truepjeeac t

def ocudakquewcy Thenpweeghsing function sel

combi ne -rtehseol huitglon i nf 8 meatgieo nwi ft-rho nmshdeh el o w
background of the uniformly illuminated 1 m;:
fine details in the specimen while suppre:
det ai |l edMMat magmaesi cal |l vy, the weighting func:
spatially varying parameter that deter mi nes

(uni form or speckl e)agd®t. neach hpoii mtagien moldei | f
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sinusoi dal pattern have the maxi mum contr a
weighting function with the contrast. This
the rectified] 28981 hasitd elpd ek t cheordo[d219 ®]Jt i on
and the | ocal] 2.¢tilenterasbonmedieodng the robust
and simplitheydi Weeusredepasnagki lwtierh faorbatnh
weightingokemoovti dihaedsaepg!| eontrast and obt

resoll 2t9i2d4 n
C(x y)=std A{ BPE[Al x)y { )} ), (4-6)

whestdr epresents the st amBRFidseva a2D oGa wspseiraarn i
patidter.-phlses bHander can remove the DC spec
def oThues .opti cal sectiofirrrqquearcfocaampmer et s

enhabgettuning the bandpasdse nfoitletde raéss: wi dt h,

2 k 2 2
BPF(K, k) =exp(~ ) exp( %) (@)

wherlkek)i s the spect rsails ctogpradisnrddi ¢ temds wi dt

Wei ght ed -iulnliunoirnmaltyed lj maaeas bwiboybomailntedo | yi nc

the wuniilfloumil iyat ed(xy)ymaflke rmpjatsds il Diwap @t it & e
weighted-idniufmea malgyed t o di mi-inli lsuhmi sntdreectdu r a |

Ssinusoidal noise to acquire 1LC

o y)= A{LRS [& x Yy I x ¥} . (4-8)
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whetR is tipaslsowilter wiKch cutoff frequency

4.2.2 Optical Setup of the Syste

Figl(a) i1illustrates the optical configurat.
Apple) serves as both the il lumination soul
the smartphone is initially direciteghkdtthrou
gui de, Edmund Optics). This |light is then
through the K°hler illumination setup (ref

the DMD (DLP LightCrafter 6500, tiTeereas$sighst
from the DMD subsequently passashtrlbhmatgl a
l ens( MARITOA303rhorl abs), and L2 is an aspher

A, Thorlabs). To maintain consistency bet we
DMD is rotated at 45A because each pixel 0
l ine (sldéb)Bi.g.The il lumination | ight is als
direction normal to the DMD, alnlaonil-ryg Lf3or r

RL 2 (L3:-18M@508RL2100AC508Bhor | aRiLsl) (aQnLd: oL
UPLanSApo/ 20X/ 0. 75, -100MAMmpuBhorRiLabs )AC5d@€r8e e
structured i1l umileé®dtc/o»DVM2T7h,e OpTltLo t (uknle ) act

nonmechanicaldeaxic®l wsdcdnmi mgpi d response. |

Focal BFlPamé ¢ he objective | ens, ensuring a
constant | ateral magnification during axi al
The objective | ens collects the excited fIl

at BFbBef RL1. Then the I m8FB8fi SLagBéOBAOBMage
Thor | abs) -Ttlh rdofu gshy sRLe2Zm. The ETL i s | ocated
TL, and L3. To acquire tthltee siamaege ewirsg da s

| eins ipnutf ront of the camera to combine a 1:/]

Pagled6f253



can finally be recorded by the smartphone
with the Baycal oiumatgers scoant tbaet directly acq
adapareer sdesi gned oand nft 2griac atngd t he smart phc
guide to the cage system of the microscop

concentric of #Whecppulefeotri peettmi (IHi g.

Reversed

M1
smartphone lens

oL

-
MFConjugate plane

Emission light
Excitation light

Conjugate

L CETL reversed

smartphone lens

Conjugate plane

L

smartphone

Fi 41. Optical setup of the proposed SOS mi
mi croscope. The DMD plane, which is conjug:
the collimated | ight. L3, RL2 and RL1, OL ¢
i s iurcterdoct 24A to ensure the DMD can refl e
the ETL is conjugate to the BPP. The i mage
a reversed smartphone | ens. (Ad)a p damdes ( c) S
desdigmemake the smartphone seamlessly integ

425f or detail). OIM3:o0lmj e eRtbiry-t RldhensM1F: fi
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TL: tube | ens; DM: dichromatic mirror; DMD

tunable I ens; BPP: back pupil plane.

4. 2. 3 Tel ecentric Desi gn and T

Range

The telecentric design can realized axial s
Here, was ETaedaxi al scanning by tuning the
surface shape. To maintain | ateral magni fi
exit pupils should be | ocated infinitely

Therefore, p hseh osuwylsd ebre ssettrui ctly in the 4f ¢

Fi42i |l lustrates the telecentric design of t
with the objective | ensds BPP to obtain tfF
directly at BPP; t her eRLo2r el,e mahsep adsfe fceo nafyi g u
BPP, at which ETL and BPP are conjFFgrat ed. N
of the TL to guarantee that the image spac
clear aperture size of the conjugathee BPP c .
BPP di ameter of the objective |l ens is 9 mn
RL1 and RL2 with bothwadO@Gosemdwombcak herngtl

configuration, and its confocal plane coi n:

—
e Y
I BPP : ' i Conjugate
10z 10z ‘Az Az =
e e o e et BPP
Object plane Intermediate Intermediate
image plane | image plane |l

Fig¢2. Telecentric i maging o phafsc gau rdefa tshy.s tRelLni

relay the objective |l ensd back pupil pl ane
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mi ni mum and maxi mum axi al scanning ranges.

To calculate the theoretical scanning range

axial displacement of the objsehcotulpd abnee faonudn

As showd2ijdn amiBgcan be related by:

n
dz,=—2>— 2 (4-9)
+ 2 +
ni'\/|OL-RI_1
Mo.ruis the | ateral magnification of the ob]
Nan® are the refractive indices in the obj
Here, for simplicity, both of them are unit
samplebébs refractive index.
The intermediate i mage plane kcaocabebérteane:
as a compound | ens. Acco3@3ng to Gullstrani
foo f
fRL2- ETL = FILRZ ’ (4'1 D
fETL+fRL2 -dETL- RI2

foernis the focal-ETEongplounfl. ddemedsgRale t he

fodelngtfhsEETL and; RLi s ankde distance between

Since ETL i BFPbcRLAd DEGanhide rewritten as:

fETLfRLZ :fRLz, (4_1 J.

ETL+ fRL2 'fRLz

fRLZ— ETL = f
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Therefore, tuning ETL's optical power chan

pl ane instead of changing its focal l ength

of the intermediate i4Pabzecaphabe WBDBbeshasw

f2
Dz, =22 (41 p

+ ’
fETL

Combini4yhy Bgd-l1Egwe(dbtain:

dz, = = ﬂfﬂ (413

Y 2
MOL-RLl fRLZ

fdenote the corresponding optical power .

Therefore, the scanning range in the object

1 |fer ] |farm
al - d — ETL- max TL- min _
clalvd 5 0 e e

feqimn @ander ax@are the minimum and maxi mum opt.i

4.2.4 I Il umination Path Design

Fi :-=3shows the exact i1l lumination path for t
' ight must be collimatbshoaind fihlel fimal DB
ar ea. Further Deorasm,nott hibee dioammdtagrge t o preve
| oss . TDhwearse bsoebte ,tit he di agonal | &@mgtHK®° lolferDMD

setwaps appl iaed wiurad ihiygh | Washni asedowcol Lg&ctor
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i mage the | iKgh&f stolueg ceondensheer (L2), and tl

i1l uminated the DMD. To choose appropriate
bet ween the il luamidn dteiaon® dla @ lmie ¢aschicgdwredd ng t o
t he Gaussian optics. The magnification of
sinu
:nlu' 1 (4_15
n ‘sinu
whemean® are the refractive index in the o
respectively. When the light isu apoBli mated
i s
sinu'= sin[arctanhD ) (4-1 p
fcondenser ’
foondense i S L26s focal |l ength. ®i® meadilEm.i § air

sinu=m sin[arctan% ), (4-1Y

condenser

where tHeaamnglee obt ai ne®efctdBmBe X pe rdhme mt $ (
should be slightly |l onger than the diagona

12 mm.

ight guide
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Fi 43. Il 'l umi nation |ight path. After <calcu
( MAP1A303Thor | abs) a-Ad [ BA oa(rle& hc8hpd2sbelhh a s 1 X
magni fication, and the NA of L2 is 0.55.

4. 2.5 Smartphone Adapter Design

I empl oyed CAD design (Autodesgkri ntnevce ntt wa

adap¥.i 44 (a) shows the connecdwioonhsowlkdeeevse en t

designed to accommodate the i Phone. These
Thorl abs cage system adapter. So that the :
mi croscopeds main body wit h&wit)l Il wssti rnagt easn yt
smartphone holder with the |ight guide and

_ Light guide

: Phone holder

—

Assemble to the .
microscope main body VT
(2 inch cage system) : Reversed smartphone len

Fi g4 4Homaaaedapt gras) The diagram of harnessir
mi croscopeods main body. (b) The 1 ight gui c

aligned through the smartphone hol der.

4. 3 Resul t s

4. 3.1 Per ft bAexmaanlc eSodnni ng

The theoretical axi al scandilpgher aenfgfee ccta nv eb
ETL culyreang€80f mdmto 250 mA, correspondin
fre3m 3 to 3.5 dpt. The | ate-Ra&all magailfilcaand
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optical power of RL2 is 10 dpt. The theore
56 In ¢

The experimental axial scanning range is al
resuvAlumsi.f ormwpatiuebmaded he DMD tfoi edener at
i1l umination. A resolution target (R3L3S5P,
positions by tuning thaxcsesrnemtnsohtitbe &I
experiwaant adtjou shedd 125, 0, 125, and 250 m#
adjust menwast aei & lbryg eatdejmiosvteidn g t he transl| at
Optitoms)get a clear i magelamhdt hdheaxiedlatdion
(d can bed4bb6band. (Fhg. transl| attihoeel at agashep:
bet ween the axial mov ement and the ETL ¢

experiments.

Fi45(a) s hofwscusi viemagnes at different depths
focus i mage wilt(lDonAt) . t Whil ng malyes were capt
horizont al or Vv eprrtoiveeal t mbeemanhtsc Pooperty
system during axi al.4Xac)a,n ntihnrge, ewa si enseh pparcoefidinl el
t he same ptolb@etrked O mAkhe OO mA, and 25@mMAb) As s hc

the size of each circle fixed, niehaemaidrag t hat

i's nor mat+—=2ddrbyett er Oviasniwba liisraati i

mi ni mum intensriitgp (cesphdotwisvealhye. ETL current
di spl athememnxti.aWapasethi paf edi sn awhrealsa rzee r (o
The measured axi al engcan misreg troanghee itsh eonle.ts

emwi th a 2% error.

Figh(d#) showser maki ned | iHBébproObhvesust yfi ¢gh

i's very | ow, aandi bobtedcool deber al factor s,
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smartphone sensors, optical aberration, or

Smartihplaeree optical sectioni ng tmidaourtoislciozpeys,

smartphone sengsworsg icrasnee ad s @ fn sdofirfgdhc tWhviel ea ntdl

i nnovative, smartphone sensors may not al v
range of more specialized I maging sensors L
to |l ower contrast in captured i mages, espe

to subtle changvws ei rdeltiaghtedi nti smcaistsy.ons c a

4 . 4.
5z=-304.8um (-250 mA) 6z=-152.4um (-125 mA) Focus (0 mA) 0z=165.1pm (125 mA) 0z=266.7um (250 mA)
b 1 C a0
250 .

'é- ey ¢ ,g

@ ‘ ! E 150 ]

5 f / g

£ $ 50

9 0.5 ‘ % -50

N %

T | ) \ 2150 N

e o

so.. \ | -250

Z °

0 -350
0 30 60 -250 125 0 125 250
d Lateral position (um) Current (mA)
255

2

2

2

=

0
0 30 60
Lateral position (um)

Fi4¢s. Performance of axial sclaoaousng mages ed
di fferent depths. The ETL current is first

acquire a clear picture. 4b)JalCor¢(espBabdang
bet ween the ETL curr é€d) -nhbordmaal xiizaeld diisnpel apcrea
(b)
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4. 3.2 Characteri zation of t he | |

a. Radial Intensity Distribution

Accor diogndgl Xt,o t he | ight source's radial i nt e
choose the appropriate optical components
proper bedmedli ammetleirqui d | ight guide (5mm °

was cohbadtheed smarthphooe®®putL EDI | umi nati on
di strwhbauttf omsedhd@&Odhenr rfFadyi.al i ntensity dis
irradiated frwas thempsimaavd pdc nae)i.gp4Fa pd

(d show the corresponding distributions an
coordinate system. Theill gmtngtide sanreeast
position. Besi des, the power distrd3bution

FWHM)han the phne LED (21.6

When coupling the LEDt e gghuti do fl i g hd maruti pllkeq n
l' i ght |l oss is not readily avoidable. The N.
indicating a rdeageeoft N@3odegreescasof |i gl

seen at the extreméi r(dl)bf toebdisBevebdut hat

contributes to this issue. I n practice, ma
alignment is challenging,atriesnul tAidrdg tii ro nian &
bet ween the | ight gui de' s s wrafutsstee &wd st he

Achieving a seamless contact between the 1|
proved challenging during experimentation,
di fference in diameter s mmah oererceotrBee olf ED hlei |

l i ght guide further compounds the issue of

Mor eotvheer ,power and tdfe IiEltlewrdaalreea $psreoainldeanh
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these wild/ directly dedhesetlaeei l i mmitaaiio

curr endandbkettuadyl ed di scussions can be found i

a b .
,/ E."O'S
e T 06
I g A\ dearee 3
S ¢4 degree I 5 04
Cellphone S Power meter E
. ~ (=]
(Light on) \\\ Z 02
-40 -?;0 -2‘0 -10 E) 1‘0 éﬂ 3‘0 4‘0
Degree (°)
c d !
.. 08
."u;;
5
; EOB
% o
iHi’—r\- [
I:\ Light guide ‘\JI %04
Cellphone E
(Light on) < o2
Power meter . s s ;
-40 -30 20 -10 0 10 20 30 40
Degree (°)
Fi46. The measured radial intensity distrib
l'taly). I ntensity distribution tests with
di stribution of (a). (d) The -wi ghtarlifouti on
maxi mhm. sTbplots in (b)) and (d) are in the

b. Spectral Intensity Distribution

The spectrometer ( WWRZ 0 0u0s,e d CGecseta nt hGep t s masr)t p h ¢
spectr&4ms.hofnsg.t he spectrum range of the 1 Ph
LEDs, the peak emission appears at ~450nm

in the visible spectrum range is higher th;
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Normalized intensity
o o o
ELY (o)} [0 2]

e
(W

o

300 400 500 600 700 800
Wavelength (nm)

Fi47. The spectrum of the i Phone 13

4. 3.3 Optical Sectioning Capabil

To test SOSO optical secobiabeidnagni e0da b i( IPIFtRW
Thorl abs) on the sample stage and projectect
surface. Since thewpbhteehocowmiarsaixtt d easctt eals
from patteguonanthihtpe opandal sectiohR8g] capab
Thereen | i gwats (&5s3e2dne) 810e&fAcne emi ssi e3n, filter
Thorl abs) was inserted in front of the 1|iqgl
withema sbep fan/ |l @ bHpatlZEmnsubep cmblklp07a&n &

241 . m32ge patterns. The normalized cOnNtrast
matlmin/mak bil)n Fi 48 (a) shows the relationship

contrast and the axi al position for three
frequency shows bettehisospiscadlecaescsei amec ap
frequency modul ation of the OTF in widefie
guickly, enabling better optical sectioni ng¢
7.958¢ so the higheemt | prd8GEbYroovy i nad®slith
frequencies captured at three enxil @l apomoist i ¢

vani shes when theléief omheessr ediss ttahrec epeirss odi
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241 m32¢g is still obser-téshl e at the defocus

From these i mages, we can al & pfeionhdelntl tyat t |
the frequency is higher. As ment inmnedei n s:¢
as capable as specialized microscopy camer
particul-argfht i comadiwti ons or when i maging f
l i mitation can | ead to i mages witthh |looweerr c
spati al frequencies where the-idi sttmidn@at i on

regions is | ess pronounced.

Mor eolwergptti cal system's resolution, define
wel | high spatial frequency patterns are r

approaches the system's resolution | imit,

mi srcompe to distinguish between the high an
reduced contrast. This effect i s exacerbat

closer to or beyond the resolution | imit o

I n Hiilgdh, stpati al frequency components of t
rapidly with defocus compared to | ower fu
beneficial for optical sectioning, it al so
hifhequpeantctyer ns | ose cont r afsrt e gnuoernec yq upiactktley
Essenti aHlry,gutetmec yhicohmponents are more sens
the focal pl ane, l eading to a reduction in

f ac .
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Fi 48 . SOSO6 optical sectioning capability.
patterns for three spatial frequencies wer €

t he mirrThre SGCampldat.a mgf avrase aaicledexperi ment al

Gaussian function's FWHM is also shown. (b)
are captured at focus, and two defocus pl a
4. 3Flduorescent beads I maging

Fl uor eBSbhemads with 465 nm, 515 nm, and 605
(FluoSpheres, wdrhe rtoos etdeissthe3QS6 i maging per
beadbs &am zien idsi alnet er . The sampdes oweseddi l
water and set on microscopic glass slides.
period was seetem/tlop)6. pHRoxr/ luwni(f4o5r.n86i | | umi nat i
were turne®d sSohmds theg captured i mages of fl
wi defielmeriemagmsgyed wunder uniform il uminat
under structuhedHi LOuwdgatte ddint ain the fin
i mages by taking bofTihhewicdefei slodrazmed alld it ima
can be founTdo ienx caiptpee nddiifxf.er ent fl uorescent
wer e iinmrstea ttelde 11 1 umi nat i on4lp(aa)h, whea tcthe rwaks
49(a), -FBHAH0O(gh.), -FBHS54D(gc.), -FBH580orl abs)

Because of the Bayer filter wemwahecsessmsmaat pho
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