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ATayopedeTtor 1 avTlypoupy], amtodnxevon xot SLavopy] NG ToPoLOaS EQYTLOG,
€€ OAOXANPOL 1] TUNUOTOG OVUTNG, YLO EYLTTOPLXO 0XOT6. EmitpémeTtor 1 avatiTtwon,
amobnxevon xol dtoavour] YLow GXOTtd U1 XEPOOGHOTILXO, EXTTOLOEVTLXYG V] EQEVLVYTLXNG
@VOoNG, LTTO TNV TPODTTOHECT VO VOPEPETAL 1] TTNYT] TTPOEAELGNG KO VO DL TNPELTAL TO
T EOY unvope. Epwtiuatoa mov apopody 1 xoNom g EpYoolag YLo XxEPI00XOTILYO
O%0TtO TPETEL VO aTteLOVVOVTOL TTPOG TO CLYYPOUPED.

Ov amédelg %ot T CUUTIEQACKOTO. TOL TEPLEYOVTOL OE OLTO TO EYYEOPO
EXPEALOLY TO CLYYPAPEN xol Oy TPETEL va epunveLbel dTL avtimpoowTedovy Tig
emionueg Oéoetg Tov Ebvixod MetooBiov IloAvteyveiov.



Abstract

This thesis explores the innovative field of non-invasive glucose monitoring (NGM),
a promising avenue for improving diabetes management by providing painless and
continuous monitoring of blood glucose levels. Diabetes, a chronic condition affecting
millions globally, requires effective glucose monitoring to manage complications. Tra-
ditional invasive methods, such as finger-prick tests and continuous glucose monitors,
although effective, often cause discomfort and compliance issues.

A key contribution of this work is the development of a Time-of-Flight (ToF)-
based sensor designed for glucose detection in physiological conditions. This novel
optical sensor utilizing the Time-of-Flight principle was developed and successfully
demonstrated its capability to achieve adequate depth penetration and sensitivity for
detecting glucose-induced optical changes in human skin. Computational simulations,
including Finite Element Method (FEM) modeling and Monte Carlo simulations, were
employed to optimize the sensor design and predict light-tissue interactions. Despite
its promising performance, the sensor’s accuracy was influenced by factors such as
hydration levels, tissue scattering, and external environmental conditions.

Efforts to measure glucose using bioimpedance spectroscopy through RF scattering
parameters (544 and Sy) revealed repeatable but inconclusive correlations with glucose
levels.

The findings underscore the potential of optical methods while highlighting the
need for multi-modal systems to address the inherent limitations of individual tech-
niques. Future research directions include integrating optical and bioimpedance
sensing modalities into a unified framework, leveraging machine learning for data
fusion, and reducing environmental and physiological noise. These advancements
aim to achieve robust, accurate, and clinically viable non-invasive glucose monitoring
systems.

Keywords

Non Invasive glucose sensing, diabetes, Time-of-Flight, bioimpedance.
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ITeptAndn

Avt 1 ddaxtopixn StatplPn €Egpeuvd TOV XOULYOTOUO TOUER TNG UN ETEUPATIXNG
TopoxohovOnomg YALx6{ng (Non-Invasive Glucose Monitoring - NGM), por ToOAG
VTTOOYOUEYT, TPOCEYYLOM Yloe TN [BeAtiwon g Otayelptong tov doPntn péow
oVOIVYOL %Ol CLVEYOVG EAEYYOL TwY ETUTESWY YALXO(NS oto aipa. O Stafnng,
uta xpovior ébnon mouv emnpedlel exatoppvpLo avlpWTOLS TOYXOOULWS, OTTOLTEL
OTTOTEAECULOTLXY] TTOPAXOAOVONGY YALXOLNG YLor TN SLOXELPLOY] OYETIXWY ETULTTAOXWY.
Ov Topadootaxég emepPotinég pébodot, 0w oL LeTPNOELS e TPOTNLOL SAXTOAOL XOlL
Ol OLVEYELG LETENTES YALXOLNG, ALY XOL ATTOTEAEGUATLXES, GUYVE TTPOXOAODY SLGQOPLO
%o TPOPANULATO GLULOPPWOTS.

Mia Boowxy) ovvelaopd avtig g cpyaoiog sivor n avdmtuEn evdg oobnrpo
Bootopévov oty opy tov Xpdévov IIthorng (Time-of-Flight - ToF) yioo Tty
oviyvevon YALXO(NG O @ULOLOAOYLXEG oLVOTXEG.  AULTOG O XOULYOTOROS OTTTLXOG
orobntpog mov ypnotpomotel Ty oy tov ToF avamtdybnre xor amodeiyOnxe
ETUTUYWG OTL UTOPEL va eTLTOYEL eTopx)] Oteioduoy Pabovg xow svorcbnoion yro
™V aViYVELOY AAAXYWY TTOL TTEOXOAOVYTOL OO TN YALXOLY oTo avbpwmivo dépua.
YTTOAOYLOTLXES TTPOCOUOLWOELS, GLUTEPLACUBovOpEYNS TN pebddov Tlemepaouévwy
Ytovyeiwy (Finite Element Method - FEM) xat mpooopothoswy Monte Carlo,
xonorpomonxay yioe T BeATiotomoinoy Touv oyedioopol Tov alobnTioo o
™y TEOPBAEPN aAAnAeTLdpdoewyY PwTiOc-toTtol. [lopd v eAmidopdpo amddoom
oL, M axpifetor Tov awohnToo emnEedoTYHE ATTO TOPEYOVTES OTTWG TO ETLTTES L
EVLIATWOYG, N OXESUON LOTWY XL OL EEWTEPLXES TTEPLBOAAOVTIXES cLYOTXES.

[Tpoomdbeteg yioo T pé€tENom g YALXOUNG péow UETENOMS ProavtioTaomg xol
Topapétowy oxédoaong RF (Syy xat Syp) ovédetEay emavolopPavipeves oAAG w1
TELOTIXEG OLOYETLOELS UE To eTtimed o YALXOLNG.

Ta evpNUOTO TNG EQYTLOG, OVASELXVOOLY T1 SLVOULKY] TWY OTTTLXWY LEOOdWY EVE
VTTOYPOLULLOVY TNV AVEYXY] YL TTOAVTTHPOLETOLYE CUCTAULNTO. TTOV OV TLULETWTTLLOLY
TOUG EYYEVELS TTEPLOPLOLOVS TWY UELOVOUEVWY TEXVLXWY. O LEAANOVTLXES EQELVNTLXES
xotevbovoelg TEPLAAUBAVOVY TNV EVOWUATWOY OTTTIXWY TEYVLXWY XOL TEYVLXWY
Broavtiotoong oe éva eviaio TAaiolo, ™V aELOTTOINOY NG UMYoVLXYg WLabnormg
Yl ouYYWveLOY dedouévwy xal TN WPelwoyn Touv HopbRov ToL TPOXaAslTOL OO
TEPLBOANOYTIXOVG KOl PUOLOAOYLXOVS TTOPAYOVTES. AUTEG OL TTEQAULTEPW EPEVYNTIXES
TPOTACELS OTTOOXOTIOVY OTNY ETLTEVEN avOEXTIXWY, axELBwy xot xAixd BLdotpwy
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CLOTNUATWY U1 ETERPOTIXNG TTOpoxoAoDONoNG YALXALTS.

AéEeic—KAsLoLa

M emepPBotiny pétpnon YAuxolns, dafBrtng, Time-of-Flight, Biocumédnon.



Extetopévy MepiAndn

Evotnra 1: Awafntng xon lMapoaxorov0noy '\uxdlng Alpatog

O ocoxyopwdng JoPNTng OTOTEAEL Lot TOYXOOULOL LYELOVOULXY] XPLoY, opov
ETMNEEGLEL exaToppdplor atopor xal Oéter €var onpovtixd PAEOS GToL CLOTNLATO
vyetovoulxng meplboAddng mayroouiwg.  Ilpdxeitor yioo pror ypoévior ULeETaBoALXN
Statopory] TOL YopoxTnEiletor amd emipovy) vepyYALxaLio, N oTolor oeiAsTon
elte oe peLtwpévn mapaywyh tvooLAivng (Atafrtng Torov 1) eite oe avtiotoon oty
tooLAivy (AtafBtng Tomov 2). AuTég oL XOTOOTAOELS 03MYOVY OE LOXEOYEOVLES
ETULTTAOXES, OTTWG XUPSLAYYELAXA YOONULOTA, VELPOTAOEL, opLBAnoTpoetdomtabdeia
XOL VEQOLXY OVETIEAPXELR, OL OTOLES CGLUBAAAOLY OMNUOVILXA GTY] YOONPOTNTO %O
T Ovmorpdtnra Toyxoopive. O Tlayxdoptog Opyaviopds Yyeiog (ITOY) mpoPAémet
abENOY ToL SLaBNTN aTtd 463 exatoppbpLa TEOOREBANUEVLY aTOUwY To €Tog 2019 ot
Tavew amd 700 exoatoppvplo Emg To €Tog 2045, onpotod0TWVTOS ETOL TNV ETELYOLOO
ovayxn Yoo TponYREVa epyoAeiar TopaxoAodbnong xon dtoryeiptomg Tov.

O mapadootoxéc pébodot mopaxnorodinong tng YAurdlng, cvumeplAaUPovouévmy
TWY TEGT YE TPUTTNUA TOL SOXTOAOL XUl TWY GLGTNUATWY CLUVEYOVG TTAPOXOAOVONONG
YALx6Cng (continuous glucose monitoring - CGM), ypnNoLL0TOLOOYTOL EVPEWS OAAG
yopoxtneilovtor omd Onutopvpyio dvoopiog, TaAcTweior xol LPNAG ®OGTOG
mov  emLBopdvouy Tov aobevy, YeyYovdg TOL eUTOdIlEL TY] CLRUOPYWON %Ol TNV
TPOOPBUCLULOTNTO GTOVG UNYOVLOULOVSG TtopaxoloVinong touv StafBntn yLoe TOAAOVG
oobeveic. Iloapdho oL Ta TEOT PE TEOTMUO TOL JOXTOAOL TTAPEYOLY OXPELPELS
UETPNOELS TWY ETUTESWY YALXO(NG OTO olpor UECW EVIVUATIXNG OVAALGYG TOL
eEaybuevov oalpatog, m emeufoatiny] TOoug QUOM oLV amobopPEVvEL TN CcLYVY
mopoxohoVbnon.  Amé Tty &dAAN TAsvpd, To cvotiuoata CGM  mTpoopépovy
TOPOXOAOVONON O TEOYUATIXO XOOVO RO EYXOALPES ELSOTIOLNOELS YLOL DTTOYALXOLULYE
N vTEPYALXOLULXA eTtELoOdl.  QoTéoo, N €EAPTNON TOLG OTd TNV LTOSOELO
eupVUTELOY TIPOXOAEL Suapopio otov acblevn ko pumopel var 0dnyNosl os gpebopd
TOU OEPUOTOG UE TNV TTAPOSO TOL YPOVOU, UELDYOVTOS TEPALTEQPW TN GLUULOPPWOT
Ty aobevoy.

Ta avwTépw opynTixd oTolxeior Tov oyetilovtol e Tig emepPotinég pebddovg
OVOOELXVOOVY TO OVENVOUEVO EVOLOQEQPOY YL TLG TEXYVOAOYLES W1 ETEUPATLXNG
TopaxoAovOnong YALxO{ng (non-invasive glucose monitoring - NGM). Avtéc ot
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mpooeYYloelg pe emeufoatixng TopoxoAobinong ™ YALXOING OTOYELOLY OTNY
eEdAeLdPn NG avayung Yo eEaywyn olpoTtog, OELOTIOLWVTAG OTTTIXES, NAEXTOLXEG
N yutxég pebddouvg yiow ™y Eupeon HETENOY TwV eTUTESWY YALXO(NG. Texvixég
6mwg v Paopotooxorio Yrepbpov (NIR), 1 Paopatooxorio Raman xat v pétpnon
Brogpmtédnong ivol TOAG VTTOOYOUEVES EVAANOKTIXES AVGELSG, OV XOLL TTOLOVGLALOVY
ONUOVTIXEG TTPOXANOELS OO0V oPOPd TV oaxplfeta, v aklomiotian oL To XO0TOG
TOUC.

Ye outpy TNV evotnra eEetalovtorl emiong oL SLAPOPOL TTOPAYOVTES TTOL
emnEedlovy TNV oxPLPELr TwWY OLOXELWY TOPAXOAOVONONG YALXOLNG, OTTWG 7
(PUGLOAOYLXY] LETUBANTOTNTO OTO TTAYOG TOL GEPUATOG, TO ETTLTTES EVOOATWONS TOV
OEPUOTOG XOL 1 TTOXVOTNTU ALY YELWY 0TOVG LoToVG. [leptfaArovtinég ovvbrxeg 6w 7
Oeppoxpaacio xatL n vypacio Tov TEPLBAAAOYTOS Stadpapatilovy entiong xPLoLLo POAO
oTNV atOd00 TWY CLOTNUATLWY HETENOMS TNG YALXOLNE Tov Paocilovtol o OTTTIXES
WLoTNTEG /U0l oty Progumédnon. EmimAéov, 1 mopovoion dAAwY PBropopiwy, Ttwe
N OLLOCQOLELYY, TOPEUPOLVEL OTLG UETPNOELS, ONULOLEYWVTOS ONUOVTLXY] OYETLXY
TEOXANOY GTOLG EPEVLVNTEC.

Ov peAovtixég xatevbivoelg €pesvvag JSivovy Epeoomn oty avéyxn YLo
TOAVTPOTIUXES  TPOOEYYLOELS  aviyvevons TS YALXOUNS TOL  EVOWUKTWVOLY
OLOLPOPETIXES TEYVLXESG UETONONG NG KE oTOX0 TN PeAtiwon g oxpifelog xow
g aElomrotiog. H evowpdtwon oaiyopibuwy unyovixng nébnong otig cLoxeLESG
NGM vméoyetar vo evioydoel TG SLVATOTNTES OVAAVLOTG OESOUEVWY, UELWOVOVTOG
Tov 06pvPo xar ™y mepLBoairoviinn mopéuPaoy. EmimAéov, ov mpoomabeleg yio
ouixpLUYoN TWY CLOXEVLWY UETENONG XOL UELWOYN TOU XOOTOVG XUTAOXEVYG TOUG
O pmopovooay vor 0dnyNoovy o eLEVTEPY, TPOORUCLUOTNTO, IETOLOPPLVOVTOS
evdeoUéVmG TN dLayelptoy Tov SLofNTy o Tory*OoULa XALLOXO.

Evétyra 2: Texyvirég My ExepPatinng Métpnong I'\oxdlng

H pn emepPotinn mopaxorodbnorn YAuxolng éxet avadetybel wg pio véa xow tdtoitepo
ONUOVTLXY TTPOOEYYLON 0T SLoryeiplton Tov SLafn Ty, TEOCEEPOVTOS TN SLYATOTNT
YLot otv3VYN XL TILO TTPOOLTY] TTAPOXOAOVONON TV ETLTES WY YALXOLNG aTOY oLabevy.
Avt M evOTNTOL TOPEYEL YLD OAOXANPWUEVY] VOOXOTTNOY TOL TEXVOAOYLXOD TOTTLOU
Ty NGM, eotialovrtog otig xbpleg pebodoroyies, Tig xpYES TOVE, TLG TTPOXANTELG KOl
TLS EQPAPULOYES TOUG.

H ®oaopoatooxornion Kovtivod Yreptbpouv (NIR) eivor pion amd T o cvpéwg
epevynbeioeg teyvinég NGM, aELomolwviag Ta YopaxTnELoTIXA aTOPEOPNONG TNG
YAL®OLNG 6T0 Paop.o ToL LTEEPLOPOL PwWTHS (LHixog xdpatog 700-2500 nm). Me v
UETONOM TNG ATTOPEOPNONG XL TN OLEYLON TOL PWTOG Xabg aVTO SLEpyETOL AT
Broroytxovg totovg, N NIR pmopel vou extipnoel pun emepPatid TS OLYXEVTPWOELS
YALXOL NG 6TOLG LoTOVG. [lpdopateg eEEAEELS OTNY TEXVOAOYLO PWTOXVLYVEVTWY O
otoug alyopibpovg unyovinng pabnong éxovy BeAtivosl onpoavtind Ty evatoinoio



xor v ekeldixevon twv ocvomuatwy NIR. Qotdoo, cEaxorovboldy vo vTdpyoLY
TPOXANOELS, OTWS N ToEEUPBoon oty UETENOYN OTO TNY ATOPEOPYNGY TOL VEPOV
%Ol GAA®Y PLOAOYLXGDY LoPLwY, xabdg xaL M LETABANTOTTO AOYw UEALYYQWONG KoL
EVLIATWOYG TOL GEPULOLTOC.

H ¢oopoatooxonioc Raman oamoteAel pior GAAY] TTOAAGL LTTOGYOWUEVY] TEYVLXN,
TTOL TPOOWEPEL LYNAY EeLdixeVon HECW TNG OVIYYELONG HOVASLXWY SOVNTLXWY
EVEQYELOXWY ETUTESWY TwV Hoplwy YALXO(NS. e avtifeon pe ™ NIR, n Raman
ETMNEEALETOL ALYOTEQO OTTO TNV OATTOPEOPYOY] TOL YEPOD, XAOLOTOVTOG TNV TEYYLXN
Raman tdtaitepor xaT@AANAN Yioe v TTapoxorodinon g yAuxolng. H teyvixn
TEQLAAUPBAVEL TNY EXTIOUTTY EVOG LOVOYPWUATIXOV AELLEQ GTO JEPUOL XOL TNV AVEALGY
TOU PACUATOG TOL OXESUOUEVOL PwTos. [lopd tnv eEeLdixevom tng wotdoo, n Ra-
man ovTLULETWTLLEL TTPOXANOELS OTTWG N YOUNAN EVTOOY], ONUOTOG, TO LPYNAG XOGTOG
eEomAlopod xal 1 evatonoio oty xivnoyn tov acbevoie.

H Broeumédnon elvar pioe evolhoxtixnn texvinn. Metpd ™y NAEXTELXY ovTloTaoN
TWY PLOAOYLXDY LOTWY, 1] OTTolo LETABAAAETOL OvAAOY L LE TO ETTHLTTED AL YALUXOUNG AGY W
OAAOY WY OTNY EVUIATWOT XOL TNY LOVTLXY oOVOeon Twy LoTwv. Avt) 1 Lébodog sivor
OLXOVOULXA OTTOOOTLYY] XL EOXOACL XALULOXOVUEVY] YLO. (POPNTESG GLOXEVES. QaTHTO, 1
oxpilBeld g emmpealetor amd eEWTEPLXOVS TAPAYOVTES OTIWwS 1 Depuoxpacio xot
0 3PWTOG ToL aobevode, amaLTWVTaG ETOL TTPONYUEVES TEXVLXES Pabovounorng ot
UETENOELG TTOAAXTIAWY CUYXVOTHTWY YLO QELOTILOTA ATTOTEAECUOLTO.

H teyvoroyia pixpoxvpdtwy ofromotel Tig SLMAEXTELXES LOLOTNTES NG YALXOLNG
otig ovyvotnteg GHz yio voo exTipunosl T oUYXEVTPWOELS Tng. Me 11 petddoon
ULXQOXVUETWY UECK TOL OSEQUOTOS XOL TNV OVOAUCY TWY OVOXAWOUEVWY 1
UETOOLOOUEVWY ONUATWY, OVTY 1 TEXVLXYN TTEOOPEPEL UEYOADTEQN OLeloduom LoTWY
oe obyxplon pe TG omtxég pebddovg. Tlpdopateg xouvotopies, Omwe M yENOM
OLOTOLYLWY XKEPOLWY XOL PMYovixng Lébnong, €xovy evioyVoel v axpifela Twv
CUOTNUATWY ULXPOXVULATWY. Q0TOCO, OL TPOXANOELS, OTtwg 7 cvotobnolo oTig
OANOLYES TOL ONUELOL UETEMNOMG KoL M avéryx Yo axplPn Babpovéunon, Tapopévovy
ONUOVTLXEG.

To @wtooxovoTixd @owvopevo Pmopel emiong vo yonotporornbel yioe Ty pn
emepPotinn LETENOTN YALXOLNG. ZLVOLALEL TNV OTTTLXY] ATTOPEOPNON LE TNV TTOPOY WYY
OXOVOTIXWY XVUETWY YL TNV OoviXVeLoY eTTESWY YALXOLNS. AvT 1 LPRELOLKN
TEYVLXN TOEEYEL LYMAN evonobnolor xar slvor XOTEAANAY YL EVOWUATWOY OE
QPOPNTEG oLO%EVES. QOTHOO, OL TTEPLOPLOWOL OTtwg M eEnobévnomn Tov oNpotog %o
0 axovotxdg BopvPog TEETEL Vo AVTLUETWTILOTOVY UEGL TTROMNYUEVWY VALXWY %O
TEYVOAOYLOY AELLEQ.

2Ny evoTNTOL VTN TEAOG LTTOYPOLLLLOVTOL OL TTPOXANOCELG TTOV OV TLLETWTTLLOVY OL
teyvoroyieg NGM, 6mwe 1 avayxn yio ovveyeic Pabuovounoets, ou TopepfBorés amd
oMo Bropdptoe xow To VPNAG x6oTog TapaywYNS. H evowudtwon tovg oe QoprnTég
OLOXEVEG AL M EQUELOYT TEXVOAOYLWY [0T Bewpodvtal ToAAG vTooYOUEVES YLor TNV
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TEOYLOTLXY] TTHPOXOAOVONOY xaL Ty eEatoptxevévn Stoxelplon Tov SLofNTy.

Evotnra 3: Xxediaopog ototyeimv vy avdAvon pe Prospednon

H pébodog avarvong g PBroeumédnong yroo ™y pn emepBotixn mopoxoiodbnoy
YALXOLNG OaTOTEAEL UL TOAAG  UTTOOYOUEVY, EVOANXXTIXY] TPOCEYYLOY] OTLG
ToPaO00LOXES ETEUPBOTIXES LEBOSOVE, AELOTOLOYTOG TLS NAEXTELXES LOLOTNTEG TWY
BroAoyxwy LoTwY oL emnpedlovtor amd Tor emimedo YALXOING. LTV EVOTNTO
LT avohbovTol oL oPYES TG BLoeumédnong, ot metpapatixég pLebodoroyieg xal 7
OVATTTLEY] XALVOTOUWY oLoONTREWY Boolouévwy oe xepaies.

H pétpnon Broepmédnong Paoiletor otlg SINAEXTELXKES LOLOTNTEG TWY BLOAOYLXWY
LOTWY, OTTWG 7N ETUTPETMTXOTNTO XOL 1 OYWOYLLOTNTH, OL oToleg oAA&lovy pe To
emimedo YAUXOLNG OTO OLAUECO LYPO %O OTLS XVTTOELXES HeUPpdves. Me Ty
EQOPUOYY EVOS EVAANXTGTOUEYOL NAEXTOLXOD PEVUOTOS OTO ONUELO LETENONG XOL TN
UETONON TNG TEOXVTTTOVOAS OVTLOTAONS, UTTOPOVY va ovtyvevfody petaBoréc oTig
NAEXTOLXEG LOLOTNTEG TWY LOTWY TTOL TTPOXAAOVVTOL OTTO TN YALXOLY.

O oyediaoudc xon 1 SoxLUN XoULYOTOUWY oLotnTRE®Y PBoolouévwy o xepaieg slvat
XEVTPLXO OTOLYELD AVTNG TNG EVOTNTOG. AvarmtoyOnxay tpelg TapoAhayég atadntnomwy
— «ULXPOG», «UECOULOC» XOL «UEYAAOS» onabnTnpog AOyw Twy oYeTXWY UeYEOWY
TOUG - UE HOVOOLXEG OLOULOPPWOELS YOAXLYWY TLOW ETTLOAVELDY XOL EAAELTTTIXA
oxnuoto yroe ™ BeAtiotomoinon tng evoicbnoiog. Ov arobntipeg oyedidotnxoy
Béost TPONYOVUEVWY UEAETWY, EVOWUATWVOVTOS TEOTOTOLMOELS Yot T PBeAtiwon
™G amdédoorg o un emepPotixég e@apuoyés. Mo mopddeiypo, v eVoWPATLoTN
YOAXLYWY THLOW ETTLPAVELWY TTOPELYE YLD YELWUEYY ETILYPAVELY, UELWOYOVTAS ToV HOpufo
%ot BeAtidvovtag ™) oTabepdTTor TwY UETPNOEWVY.

Ta oxetind meLpapoTO TEOYUOTOTTOLNONMXOY UE TN XENON LOALUETWY YALROLNG
OE (UOLOAOYLXEG OUYXEVIPWOELS, TOU WUETENOMXOY UE TPOYWENUEVOLS OVOAVTEG
owxtvov. Ot doxtpég dreEnybnoay o Eva eLPV PAGLLOL CLYVOTNTWY YL TNV KELOAGYMOY
NG OVTATIOXPLOYG TV oLobNTEwY oTlg LETABOAEG CLUYHEVTOWONG YALXOLTC.

Evotnra 4: Teyxyvixn Métpnong péow Brospmednorg

Avt 7 evotnta eoTialel oto TWELpopoTixO TAaioto, T uebodoloyieg xon To
EVPNUOTAL TTOV OYETLLOVTIOL ME TNV TEYVLXN UETENOYMG KEOW PBLOEUTESNONS YLoL TN
un emepPotiny mopoxoroddnon yAuxdlnc. H Prospmédnoy, mouv meptAapfdavet
™ UETENOM TNG NAEXTOLXNG ovTloTOoMG TWY BLOAOYIXWY LOTOY, TTPOCQPEPEL UL
TIOAAG DTTOOYOUEYY TTPOCEYYLON YLO TNV TTAEOXOAOVONOYN Twy emmédwyY YALXOLNC,
OELOTTOLOVTOG TLG OLNAEXTOLXES XOL OLYWYLILES LOLOTNTES TWY LOTWY TTOL UETOUPAAAOVTOL
KE TLG OLUYXEVIPWOELS YALXOLNG. ALTY M TTPOCEYYLON TIOPOVGLALEL ULOL OLXOVOWLLXE
OTTOO0TLXY] EVOAAAXTIXY AVOT OE OXEDN UE TO TTAPOUIOOLOXE ETEULPBATIXA CUOTHLATO
TopoxoAoVOnomng YALxAlns.
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H perémn tng teyvixvg Eexivnoe pe tnv mpoeTolpooior SELYUATWY YALXOLNG
TTOL  LLULOVVTAY TLG (PUOLOAOYLXES XOL VTTEQYAUXALLXEG OGUYXEVTOWOELS YALXOLTG.
Anprovpyninxoy SLHAOUOTO YENOLUOTIOLOYTOS XTTOOTELOWUEVO AAXTOUYO OLAALULO
XOL EQYAOTNOLOXNG TTOLOTNTOG D-YALUXROLY, UE CLYXEVTPWOELS TTOV XVULOLYOVTOY OTTO
24 mg/dl éwg 500 mg/dl. Ov S mapduetpor Twyv detyudtwy peTeninxay vmo
eAEYYOUEVES GLVOTKES YENOLUOTTOLOVTOS OVOALTY OLxTOO0UL, 0 oTtolog Pabuovouninxe
Yt voo edoytotortoinfel o meptfoilovtindg xow opyovoroyixdg 6opvfoc. H
TELPOUATLXY] OLATaEN TeptAduBove emtiong ik OXESLAOUEVO OTNOLYULOTO YLOL VOU
eEoopoaiiotel v otabepn) TomobETnon TwY JELYUATWY oL M OTOCTOOY OO TOUG
orobnTpec.

Tow ATOTEAEOPOTO TWY TEWTWY JOXLUWY E0WOOY PAOLXES TANEPOPOPLES Lol
™MV amoxELoYn Ty otontiowy vmd didpopeg ocvvinxes.  XpMolLomoLWYTOG €va
evpog ovyvottwy oantd 1 MHz éwg 200 MHz, ta metpdpoto amoxdAvday 6Tt ot
OLUYXEVTOWOELS YALXOUNG €TNEEALOVY U] YOUULXE TNY OTTOXELOY [BLONAEXTOLXNG
oavtiotaons.  Avdpeoo ota Ttplor oxé€dia owohntiowy - o uxpds ocbnTrpog
OTTOXAELGTNXE OTTO TIEPOULTEPW OOXLUES AOYW TNG ASLYOLLOG TOV VO TTOLEYEL OLAXPLTA
OTTOTEAECLOLTOL.

21N ovvéyela, oL Soxtuég emextdnxay pe peoalovg xon peydiovg arobnrrpeg,
SLELEVYOVTOG TO PATUO. CLYYOTNTWY €wg Ta 6 GHz. Avtn M LYNAGTEEN cLYVOTTY
ueAetninxe yro voo aEtoroynbel o avtixtumds tng oty evacbnolor g TEXVLXNG,
Topd To Pxpod Babog Tou «eLoEPYETOL» pla TETOLXL oLYVOTTH oTo Ogpua. To
omoteAéopato E0ELEay PeEATLWUEVY] amiOxpLon omtd TOLG UECOLOVS XOL UEYGAOLG
orobntnpee, Wiaitepa o armootdoels 1 cm, 5 cm xot 10 cm and to delypa. Avtég
Ol OTTOOTAOELS OYTLOTOLYOVOQY OE [BaoLxd onuelor SLOYOPOTOINONG OTNY XOUTIVAN
amoxpLong PBrosumednong.

H emekepyaoia twv dedopévey meptAdpfove ™y e@oapuroyn QIATOwY YoUNANG
OLEAELONG %O TEYVLXWY XLYNTOV ETOL OPOL Yo TNV apaipeayn Hopdfov LYPNANG
oLYVOTNTAG, OLATNEWVTAS TOUPOAANAC Tor YENOLUO. oNpoTa.  AvohbOnxe m Ttumixn
OTTOXALOY ETTOVOAXULBOVOUEVWY UETPNOEWY YLoL TNV 0ELOAGYMOM NG otabepdtnTog, pe
T ATTOTEAEGUOTOL VOL DTTOJELXYVOVY GUYETTY] ATTOG00 TWV ALoHNTNPWY O TTOAAXTTAESG
doxtpés.  To telxd oamoteAéopato €3ctEay oNUOVTIXY] OLXPOPOTOLNCY OTLG
oamoxploelg Ty oantowy, pe tov onobntioa peocaiov peyébovg vo mopovotdlet
™y Aoy eATtdopopa artddoo. Tlapdio awtd, Tor amoteAéopota dev xpibnxay
LXOVOTTOLNTLXA YLOL TTEQALTEPW Y PNOT.

Evotnra  5: Yuvurwepoopota Y T MéE0odo Métprnorg
Brospmtédnong

Xty evotnTroe owth ouvtifevton Tl ELENUOTA OO TOL TELPAUOTO  UETENOMG
BLONAEXTELXNG aVTIOTAONG UECK XEPALWY, OELOAOYWYTOS TNV OTTOTEASOUATIXOTYTO
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TV OLolépwy oxediwy atohnmpwy xot Ty oavdT™Téd TOLg VO PETPOVY Ta
emimedo YALXOUNG un emepPatixd. Méoo amd Lo oelpd EAEYYOUEVWY TTELPOUATWY,
onuetdbnxe onuoavtxy] TEO0S0E OTOY EVTOTULOUO TwY OLVATOTATWY XL TWY
TEPLOPLOUWY aVTWY TwY ototntiowy. To Baowxd cvpruato meptAaufdvouvy
OLPOPOTTOINGT UETOED OULYXEVTPWOEWY YALXO(NG O E€vor €VPOG (PUOLOAOYLYWY
emLédwY, Ol UeE Toug atobnTEeg peoaiov xot peydAov peyébovg mouv MToy
cEomALopévoL UE YGAxlveg Tiow ETLQAVELEG.  ALTA Ta OYEDLL TOPOLGLOGOY
BeAtiwpévn evarodnolo xaw aELomiotio o oOY%ELOM UE TOLG ULXPOTEPOLG aLabnTpEC,
oL 0ToLoL SUGXOAEVTHAY YO TTOPATYOLY SLOXPLTE ONULOTO.

Ov xepaleg pe YoAxvn TAATY, cOOTEQX, EO€lEaty OULYVETY] OTTOS00M 0T
ueiwon touv Bopvfouv xar otn PBeAtiwon Tng coPNVELHS TwY oNuaTwy. Qotdoo,
OVOLYVWELOTNKAY OPXETES TTPOXANOELS, OTIWS N TEPLRAAAOVTLXY] LETABANTOTNTO XL T
eTLIPOON PUOLOAOYLXWY TTAPAYOVIWY, OTIWG N EVUIATMWON XOL 1] SOUN TWV LOTWY, GTNY
oxpifeta Twy petpnocwy. EmimAéov, 1 €EGPTNoN amd EAEYYOUEVEG EQYAUOTNOLOXES
oLYOMXEG LTOYPAUULOE TNY QVAYXY] YL TEPOLTEQL OVATTUEY, OTE LTOL Ol
oLoOnTEeg vor LEToBOOY OE TTPOXTIXES HALVLXEG 1] XOTAVOAWTIXES EQUOULOYEG.

H evémnta toviCer ™ onupooio tng Bobpovounong, tng emeEepyaociog onuétwy
XOL TNG EVOWUATWONG TTOAVTPOTILXMWY TEYVOAOYLWY OVIYYELONG YL TNY EVIOYLON TNG
0ELOTILOTIOG TWY CLOTNUATWY KETENOTNS PLonAexTotxng avtioTaonsg. Ot peAlovtixég
€PEVVEG TPETEL Vo ETULXEVTPWOHOVY 0TN BeATiwon Tov oyedlaopod Twy atohintowy,
TNV EMEXTOON TOU EVPOVS CULYVOTNTWY YLO AETTTOUEQPEGTEQY] OGLAAOYY OedOUEVWY
XOL TNV EVOWUATWON oAyoplbuwy punyovixng pabnong yio avayvwpelon mpotoTeny
xor Otopbwon opoApdtwy.  To ovumépoopo g evotnTag ovLTNG Elvar Ot
mopoAo Tov oL PéBodoL UETPNOMG KEOW XEPALWDY QALVETOL YOI EYOLY OYMULOVTLXY]
TOOTITLXY] OVATTTUENG, TTHOOUEVOLY TEYYLXA Xal PLOULOTIXE eUTOdLa TTELY oTtd TNV
EUTTOPELLATOTIOLNGY TOVG.

Evotnra 6: Tlpocopoimwoy tov AvOpohrivov Aéppotog

Xy evotnta aut eEgtaleTol 0 xPloLog POAOG TNG TTPOGOUOLWONG TOL avHPWTLYOL
OEQUOTOC  OTNY  OVATTUEY OLOTNUATWY U7  ETEUPATIXNG  TorpoxoAovbnorng
YALxOCne. H oaxpLpig LovteAoToinom Twv OAANAETULIPACEWY TOL EWTOG XL TWY
NAEXTOOULOYVNTLXWY XOUATWY UE TO OEPUOL ELVOL OTIOPALTNTN YLOL TOV OYEOLATUO O
T BeAtioToTolNoY TEXVOAOYLWY OViXVELONG. APYIXA OTNY EVOTNTO OVTY] VOADETOL 1|
TOAVTTAOXGTYTOL TOL AVOHPWTTLYOL FEPUATOG WS TTOAVETILTTES NG BroAoyixng doung, Tov
oToTEAELTOL OTtO TNV ETLIEPISAL, TO XOPLO oL TA LTTOSOPLO. GTEWUOTO, xoDEva UE
OLOPOPETLXES OTTTIXES O NAEXTOLXEG LOLOTNTEG. ALTA Tal OTPWROTH ETTNEEALOLY TN
dtelodvom, T oxESUON KoL TNV ATTOPEOPYGY] TOV PWTOG XL TWY NAEXTOOULOYVITLXMDY
xOUATWY, ototyeio xplotpa yio TG nebddovg avixvevong YALXALNG.
Xpnotpomombnnay mponypéveg vToAoytoTixég pébodol yior ™) KOvTEAOTOINON
OVTWY TV OAMAETLOPAOEWY, OTwe Tpooopolwoels Monte Carlo, oavdAvon
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nencpoopévwy otowxeiwy (FEA) xor teyviréc UETaQOPAS axTLvoBoAlac. O
mpooopotwoels Monte Carlo mapeiyay TANpo@opLeg yLor TN LETAVAGTEVOY PWTOVIWY
néoo 0To €U, ETLTPETOVTIOG TNV  GELOAOYMON Twy oxediwy oontiowy
VTG OLPOPETIXES QuOaLoAOYXEG ovvinxes. H FEA yonowpomoubnxe yio
LOVTEAOTTOINGN TNG XATOVOUNG NAEXTEOUOYYNTIXWY TESLWY X0l TWY OLNAEXTOLUWY
LOLOTNTLV.

Miow amd Tig x0pLeg TPOxANoelg Tov avodeixdnxayv elvar n petofAnTéTnTO
oTLG LOLOTNTEG TOL OEPUATOS UETOED Twv aobevv/atépwy, v omola emnpedletol
OO TOPAYOVTEG OTIWS N NAXIC, 1] EVUIATWOY] XOL 1 TEQLEXTIXOTNTO OE UEAXVIVY.
AvTég oL SLapopéc aTaLTodY TNV OVATTTUEY] TEOCOPUOCTIXWY OAYORLOpWY Yior T
OL6pbwon Twv atopxwy dlaopwy. EmimAéov, oty evdtnta avt mopovotdlovtol
Ol TEPLOPLOWUOL TWV TEEYOLOWY MeHOSWY TPOCOUOIWONG, OCLUTEQLAOUBAVOUEVNS
™S LYNANG LVTTOAOYLOTLXNG EVTOONG XAL TNG ASLYOULNG TTAPOLG OVOTIOROY WY
SUVOULLX®Y QLOLOAOYLXWY CLVONUWY, OTTWG N EON ALLOTOG XOL OL SLOXVUAVOELS
YALXOLNG.

Ta evpuato vOYPOUUILOLY TNY OVAYXN YL TTOAUXALUOXWTEG TTPOOCEYYLOELS
LOVTEAOTTOINONG TTOL EVOWUATWVOLY TLS OAANAETLOPAOELS O popLaxd eTimedo Ue
LOXPOOXOTUXES TTPOCOUOLWOELS. O GLYSLACUOG VTWY TWY TEYVLXWY UE aAYopiOoLg
unyovixng KLébnong pmopel vo evioyVoel v oxpifelto xo v oflomioTion Ty
CLOTNUATWY TAPOXOAOVONGNG YALXOLNG. XTO XAeiowo TYG evoOTNTOG TOVIlETOW
N onuaoia ™G EMXVPWONG UECW TELPOUOTIXWY OEO0UEVWY, ETULONUOLIVOVTOS TNV
OAMNAETTLOPOOY LETAED TTPOGOUOLDGEWY XOL QUOLXWY OOXLUWY YLO TNY TEO0S0 TWVY
un ETEPUPATIXDY TEXVOAOYLWY oviVELONG YALXOLNG.

Evotyra 7: Xysdraopds AtcOntroa

2NV evOTNTAL oUTY TOPOVGOLALETALL O AETTTOUEPNG OYEDLAOUOG XOL 1| OVATTTLEY] TOV
arodntipo Boaotopévou oty teyvixn Time-of-Flight (ToF) yio ™ un emepfortind
TopaxohoVinomn YAvxdlng. H apyn Asttovpyiog tov ToF Baoileton otn pétpnon tov
XEOVOL TOL YEELALETOL TO QWG VA OLAVVOOEL ULl ATTOGTAOY), OVLYXVEDOYTOS OAAXYES
OTLG OTITLXEG LOLOTNTEG TOL OEPUATOS TIOL TPOXAAOLVTOL OO TN YALXOLn. O
XOLYVOTOUOG OYESLOOUOS TOoL onabnTipa elxe atdY0 ™) peYLaTOTTOINOY TNG dleiaduvarg
oe PBd&bog xow g evarobnoiog, ToavtéREOVA pE TN pelwon Tov HopdPov xal TwY
TEPLBOUANOYTIXODY TTAPEUPOAWDY.

O owobnmpog ToF oavoamtdybnxe pe pioe ovpmoyy, opbpwtn oEyLTeEXTOVLXY
XOTAANAN L0 EVOWUATWOY, OE QOPNTES OLOXEVEC. Kvpia ovotatixd tov
TEPLAOLBAYOLY Evary TTPOXWENUEVO QwToovtyveLTy, LED vpnivg amddoong xor pio
TPOGOPUOCPEVY TTAOXETA TUTTWUEVOL xUXAGaTOS (PCB) yia emteEepyaoio onp.otoc.
O oyedroop.bg meptAduPove AettovpYieg OTTIWCS 1 TTPOCOPUOGTIXY LETUTOTILOT PATYG
xot M derypoatoAndion vPNANg cuyvdTHTag Yo ™ BeAtiwon Tng axpifelag xar ™
LELWOY TWY TEXVNTOY TOPUULOPPWOEWY OTN UETENOT.
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AteEnybnooy extetopéveg Joxlpég YL TNV ETXOPWON TNG amOd00MG TOL
otoOntpoa LTO eAeyyoupeveg ouvbnreg.  Ov doxtpég mepLtAdpPoavay 0 YENON
OELYUATWY UE OLUPOPETIXEG OLYXEVTPWOELS YALXOUNG, UETABOAAOUEVO eTtiTTES O
QPWTLOQOD TEPLRAANOVTOG %ol ETITESX EVLOOATWONG TOL OEPUOTOS, UE OTOYO TNV
aELOAOYMNOT TN avbexTixdTTog Tov atobntipo. To amoteAéopota amédetEoy ™y
xovoTNTO. TOL aLodnTNpo vou ovtyvedel AeTtTéG dAAXYEG OTLG OTTTLXES LOLOTNTES TTOL
ovoyetifovton e Ta emtimeda YALxOlns. [lopdia avtd, TopotnENdnxay tepLoptopol,
0mwg 1 evatobnoia otov mepLBarrovtind Hpuvfo.

Moo ™y  ovTpeTdTon avTwy TV  NINUETWY, EQAQUOCTNROY  TEYVLXEG
QLATOAPIOUOTOG TWY ONUATWY. XTNY evOTNTa 0Ty eEeTdleton €miong N SLYXTOTY T
eVowudTworng Tou atobntpa ToF os @opntég mAatedpues, OTwe EELTIVOL POAGYLO %O
embépota, yioo ouvey Topoxolodinon g YAvxdlns. H dvvatdtntor xALpdxwong
XOL 7N OLXOVOULXY] oTtodOTIXOTNTO. TOU OYESLOOKOD LTOYPOUUIlOVTOL WG %PLOLLOL
TOPAYOVTES YLOL TNV EUTTOPLXY] Plwatudtntar Tov atchntrpo.

2T0 TEAOG TNG EVOTNTOS OVAPEPOYTOL CUOTAOELS YLO TIEQOLTEQW [BEATLOTOTTOIN O
Tou oabnTpa, ouuTEPLAOLBOVOUEVTS TNG OUIXPLYGTS TOL aLobnTpa, TNG BEATIWONG
NG EVEQYELOXNG ATTOS00YMG %KoL TNG XALVLXYG ETUXVPWONG YLO TNV €EXCQOANGY NG
XOTAANAGTNTOG TOL YLOL XONON OE TEAYUATLXO TEQLBAAAOY.

Evotnra 8: Metpiosilg - Amotedéopoto XPNOGLLOTOLOVTOS TN
MéOodo ToF

Yy evédtnToe owT]  ovohbeTol M TELpooTixy]  oELoAdYMon  Tou  awoHnTrpo
Time-of-Flight (ToF), esotndlovtag otnv wxavdtTd TOoL Vo UETPd PE oxpiPeta
TLG OUYXEVTPWOELS YAUXO(NG O OULUVOMXES TOL TTPOCOUOLWVOLY  (PUOLOAOYLXES
xotootaoels.  To metpopotind mAoloto mepLAduPave Selypotar YALXOUNG UE
OLOLPOPETIXES OUYXEVTPWOELS XOL EAEYYOUEVES TEQLROAAOVTLXESG OLVOMXES YLt Vo
eEoopoiiotel 1 emovoaAndipdTgro xow M oflomiotioc. H ovAhoyn] dedopévwv
TEQLAGUPOVE TPONYUEVEG TEYVIXEG eTekepyooiog, OTwg WPelwon OopVvBov  xow
evioyvomn onuatog, Yo va BeAtiwiel n axpifeta Ty petonoswy.

Ta amoteAéopota emiPBefainwooy ™y xovdTnTo ToL CLchnTiEa vor oviyvedeL
OAOYES TTOL TTPOXOAOVYTOL OO TV YALXOLN oTlg omTixég LotoTnTeg.  Ov péoeg
amoXPLoELS QPAONG %Ol TAATOUS ToL otobntipo €8ctEay ocagr OLo@opPoToinom
OVAUEDO OE ETTLTES CLYXEVTPWONG YALXOLNG, aTTodeLxvbovTog TNV evatabnaio xou
™y axpiffetor Tov. ZoyxELTLXY] avdAvoy pe GAleg pebddovg aviyvevorng ovédetke
™My oavwTepdTTar Tov atobntpo ToF doov apopd tn dielodvorn oe Babog xow Tty
ovbextixdtnTa oTLg ToPeUPBOAEG amtd nopLoe EXTOS TNG YALXOLNG.

[Mopotnendnxoy TEOXANOELS XOTA TN OLAPXELX TWY TELPAUATOY, OTTWG
N UETOPANTOTTOL NG €VTOONG TOU ONUNTOS XOL 1 TAEOLOLo  EEWTEQLXOV
meptBoriovtixod  HopdPov. Mo ™y avtipetodnion avtwy Ty NTMUATOY,
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yonotpomotinxoy Tponypévor oahydpLiuot yior QLATEAELOUO. SESOUEVWV.

Xy evotToe ot eEetaleton emtiong N SLVATOTNTA XALULEXWOYG Tng pebdSov
ToF yia evowudtworn os mpayuotixés epapuoyés. Ilapovoidotnray mpwtdtuTo
QOPNTWY OLOXEVWY TOL EVOWUATWYOLY Tov atontioo ToF, amodsixvdovtog
OXOTUULOTNTO. TNG OLVEYOVGS, KN ETEUPBaTIXNG Torpoxohovbnong yAuxdlng. Qaotdoo,
eTLONUAVOIXE N aVEYHY YLl EXTETAUEVES UAWIXEG OOXLUES Yo Vo eTixvpwbel 7
at6d00Y] Tov otabnTripa o SLaPoPeTLXoVE TTANOLGLLOVG.

Evotnra 9: Tvpmepaopota yio T MEOBodo ToF

Xy evoTnTor vty cuvodLLovTaL Tor XOPLO EVENUOTA XKAL OL ETLTTTWOELS TNG XONONS
g nebddov Time-of-Flight (ToF) yiow pun emepfotixy wopaxoroddnon yYAuxolng. O
orobntpog ToF emédetke vYPNAS Babpd evoncbnoiog otic aAAaYég TwY EMTESWY
YALXOLNG, OELOTIOLWOYTOG TNV LXOVOTNTA TOL VO UETPA AETITEG LETABOAEG OTLS OTTTLXEG
LOLOTNTES TWY LOTWY TOL JEPUaToc. O oxediaoudg Tov arontioa, pe ™y opbpwt
OPYLTEXTOVLXY] XOL TLG TTPOCOPUOTTIXES BUYATOTNTEG, ATOTEAEL oNUOYTLXO BNo TEOG
TNV OVATTTUEYN TTEAXTIXWY CLOTNUATWY TTaPoxXoAoVONGNG YALXOLNG o TTEOYUATLXO
YOOVvO.

Ta evpuata avédetEay tor TAsovextuota g Lebddov ToF, 6mtwg tn dieiodvon
oe Bébog oc oxéon pe mopadootoxéc omTLEG LEHOSOLG oL TN oYETIX avbexTixdTNTO
ot ToPERPOAEG amd popLa extds ™G YALXOLNG. Tlapdio avtd, TaEOELEVOLY
mpoxAnoetc. H amddoon tov owcbntipo mopovoiooe evatalnoio atn @uGLoAoYLXN
UETABANTOTTA, OTTWG SLOPOPES GTOY TOVO TOL DEPUATOG, TO ETUTTES O EVUOATWONG XL
™ ox€doom TwY LoTtwy. EmmAéoy, N evatabnoio tov atcbntripa otov TepLBoAiovtixd
B6pvPo, Omwg To Qg xol oL Bepuoxpoaoioxés draxvudvoets, vTOYPaUUIEL TNV
VALY XN YLOL TTEQOULTEQPW [BEATLHOELS GTOV OYXEDLAGILO TOV LALXOV %o TOLG aAYHELOLOLG
eneEepyoolog ONULOTOG.

H evowpdtwon tg pnyovixng pabnong vyl ™y ovaAvorn Oedopévwy  xol
™ pelwon Tov BopVbBov avadelybnre wg xEloLPOg TOUENS YL TEQOLTEQW
OVATTUEY.  XPENOLULOTIOLOVTOG TTROXWENUEVO. LOVTEAD TPOPBAEdNS, o atobntrpog
ToF Oo pmopoboe vor SLoyelplotel XAADTEQPX TY] PLOLOAOYLXY] XL TEPLBOAAOYTLXY
LETOPANTOTTO, BEATLOVOVTAG TNV axplfBeta xow Ty aklomiotio Tov.

YUOUTEQUOUOTIXA 0TV evotnTor  Tovifovtor ot duvatotnreg g pebddov
ToF vyt evowpdtwon oc @opntég TAXTPOPUES, OTws EELTVO  POASYL 1|
emOpota, ETLTPETOVTOG TN OLVEYN TTaPoxoAoLONoN YALXOL NG, Ov cvotdoelg yLo
ULEAAOVTLXY €PELVOL TTEPLAOUPBEAVOLY EXTETOUEYT] XALVLXY] ETUXVPWOY OE SLOYOPETLXOVS
TtAnbvopove, ™ opixpLYoT ToL aLoHNTNEA YLor BEATLWUEYY QOENTAOTYTH XL TN LelwON
TOL XOOTOLG YLO EVIOYLON TNG TTPooBaotpdTnTog amd acbeveic.
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Yovumepaopota kot lepottépw "Epsuva

H mopoboo Siotpiffn xotoAnyel oLUVOETOVTOG TLS OULVELGPOPES TWY JLOPOPLY
nebodwy un emepPotinng mopoxoAovnong YALrOlng xot evtomiloviag OLUSPOUES
Yo peArovTixég PeAtioets. H €épevva vmoypauuLos TG SLVATOTNTES TWV OTTTLXWY
1eB63wy, L3iwg TwY xovotopwy oxediacpdy Time-of-Flight (ToF) eve édetke eniong
ToL TEOBAUOTOL TLG TEYVLXNG UETENOYMG MHeow [BLoeumédnomg. Avtég ot pébodol
TPOCGPEPOLY ONUOVTIXA TTAEOVEXTNUOTO OE OYEDY UE TLG TTOPXOOCLOXES ETTEULPATIRES
TEYVIXES, TEQLAQUPAvovTog UeEYOADTEEPN dveoy yioe Tov aoblevr, ™ JduvvatdtnTo
oLYEYOVG TTaPOXOAOVOMOTG xow TNy eEGAELP TNG avdryxng Yiow ctoAndio.

Mo TLg LTTOOYEDELS TOVG, TA CLOTAUOTA WY ETEUPATIXNG TaPoxoAoVHNoNg
YALXOLNG  OVTLPETOTILOVY WOTOCO OMNUOVTIXES TTPOXANOELG. H ouotoroyixn
LETOPANTOTTR, Ol TEPLRUANOVTIXES TTAPEULPBOAES XL OL EYYEVEIG TTEQLOPLOWUOL TWV
LOVOTPOTUXWY TPOCEYYLOEWY OVIYVELOYG ATTOTEAODY ONUOVILXA EUTTOOLO YLOL TNV
(ALY OTTOd0YY] TOVG. TN OLATELBY ETLONUALVETOL 1) ONUOOCLOL TWY TTOAVTOOTILYWY
CLOTNULATWY AVIYVELOTNG TTOL GLYBVALOVY OTTTLXES, BLONAEXTOLXES KOl AAAEG TEYVLXEG
Yt T BeAtiwon g axpifelag xon ™G oELoTLOTIOG.

Ov xatevbdvoelg yioe peAhovtiny €psvvor TEPLAXUBAVOLY TNY EVOWUATWON U7
emepfotinwy otontmowy o @opnTég TAaTEOppeg xoal TAateoppes loT yio
TOPOXOAOVONON 08 TEUYROTIXG XPOVO xoi xowvy] xonon dedouévwy. H ouixpuvvon
TV aoHNTEwY xot N AVATTUEY OLXOVOULXA ATTOSOTIXWY OLUSLXACLLY XOTOUOXEVNG
elvor xplotpeg yiow T PeAtinon g TpooPBoaotpdtnTog xor T dLelodLoy oTNY oYoPd.
Ov xAtvixég doxtpég o motxiAovg TAnBuopog eivor amoPaiTNTEG YLoL TNY ETLXVPWOY
™G ATTO3007G OVTWY TWY CLOTNULATWY OE TEXYUXTIXES cLVONXEC.

H mopodoa €pevvar avTimpoowmedetl Evar onuovtixd Brpo Tpog Ty xatebbuvon
™G ETMITEVENG XAWIXA BLOOLPWY CLOTNUATWY WY ETELPBOTIXNG TTopaxoAoVONoTG
YALXOLNG. AVTLLETWOTILOVTOG TLG TTPOXANOELS TTOV TTEQLYQAPNUOY O KELOTTOLLOVTOG
T eEeMiEelg oty TeyvoAovio owcOnTpwy, TNV oavdAvon Oedouévwy xol TN
OLETULOTNUOVLXY] OLVEPYOOLX, O TOUEnG WUTOPEl vou xvnbel Tepattépw oty ooy
ONUOVTLXWY XL XOLYOTOUWY AVCEWY YLoL TN QEOVTIda TOL SLofNTN.
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Thesis Outline

The thesis begins with an introduction that provides a comprehensive overview of
diabetes as a critical global health issue and highlights the necessity of effective glucose
monitoring for managing the condition. Traditional invasive methods, such as finger-
prick tests and continuous glucose monitoring (CGM), are discussed in the context of
their limitations, particularly in terms of patient comfort, accessibility, and adherence.
This sets the stage for the exploration of non-invasive glucose sensing technologies
as a revolutionary alternative.

The subsequent sections delve into the landscape of current blood glucose mon-
itoring methodologies, contrasting invasive techniques with emerging non-invasive
approaches. A detailed exploration of non-invasive methodologies follows, encom-
passing optical spectroscopy (including Near-Infrared and Raman spectroscopy),
bioimpedance spectroscopy, microwave sensing, and photoacoustic techniques. Each
methodology is critically analyzed, with attention to its principles, applications, and
the factors influencing its accuracy.

The experimental framework and methodology section introduces the design and
validation of innovative sensing elements. This includes calibration protocols, the
setup of measurement systems, and data acquisition strategies, laying the foundation
for the experimental results and discussion. The results highlight the performance of
these sensing technologies, with a focus on their advantages and limitations compared
to existing methods.

Further into the thesis, the challenges of simulating human skin for glucose sens-
ing are addressed. A simplified model of the skin is developed, and advanced compu-
tational methods such as Monte Carlo simulations and radiative transfer techniques
are applied. The limitations and complexities encountered during these simulations
are discussed, emphasizing the need for more sophisticated models.

The centerpiece of the thesis is the presentation of a novel Time-of-Flight (ToF)-
based sensor. This innovative device is described in terms of its operational principles,
experimental implementation, and validation. Its potential for integration into wear-
able technologies and IoT platforms for real-time glucose monitoring is explored,
positioning it as a transformative development in diabetes management.

Challenges and limitations inherent to non-invasive glucose monitoring are then
examined in detail. These include issues related to accuracy, environmental and phys-
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iological variability, and economic scalability. The thesis concludes with a synthesis
of the findings, offering a vision for future research and development to overcome
these barriers and advance the field. Recommendations emphasize the integration of
machine learning, multi-modal sensing approaches, and interdisciplinary collabora-
tion.



Part 1

Current Trends in Invasive
and Non-Invasive Glucose Sensing
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Diabetes and Blood Glucose
Monitoring

1.1 Introduction to Diabetes

Diabetes mellitus is a global health crisis affecting millions worldwide. It is char-
acterized by persistent hyperglycemia caused by impaired insulin production (Type
1 diabetes) or insulin resistance (Type 2 diabetes) [!]. Beyond its acute symptoms,
diabetes has long-term complications, including cardiovascular diseases, neuropathy;,
retinopathy, and renal failure, contributing significantly to morbidity and mortality
globally [2]. In 2021, diabetes accounted for approximately 11% of global healthcare
expenditures [3].

The World Health Organization (WHO) estimates that the prevalence of diabetes
will rise from 463 million in 2019 to over 700 million by 2045 [2]. This increase high-
lights an urgent need for improved management tools. Frequent glucose monitoring
plays a critical role in disease management, enabling patients to control glycemic
levels effectively and reduce complications.

Despite the availability of effective monitoring systems like finger-prick tests and
continuous glucose monitors (CGMs), these methods are often invasive, leading to
discomfort, inconvenience, and poor patient adherence. These limitations underscore
the growing interest in non-invasive glucose monitoring technologies, which promise
to revolutionize diabetes care [4].

1.2 Traditional Monitoring Methods

Conventional glucose monitoring relies on enzymatic methods involving blood ex-
traction and subsequent chemical analysis. Finger-prick tests, which measure glucose
concentration using electrochemical strips, are the most widely used technique [5].
These methods are highly accurate and provide immediate results but are limited to
discrete measurements.
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Continuous glucose monitoring (CGM) systems represent an improvement, offer-
ing real-time data and alerts for hypo- or hyperglycemic episodes. However, CGMs
require subcutaneous implantation, which can lead to skin irritation and discomfort.
The high cost of CGM devices further restricts their accessibility [3].

1.3 Non-Invasive Monitoring Techniques

Non-invasive glucose monitoring eliminates the need for blood extraction, relying
instead on physical or chemical properties of glucose. Below, key methodologies and
their applications are presented:

1.3.1 Optical Spectroscopy

Optical spectroscopy utilizes the interaction between light and glucose molecules to
estimate glucose levels:

* Near-Infrared (NIR) Spectroscopy: Measures light absorption in the 700-2500
nm range. NIR is non-destructive and less sensitive to interference from water
but has limited sensitivity due to scattering in tissue [!].

e Mid-Infrared (MIR) Spectroscopy: Targets glucose-specific absorption bands,
providing higher specificity. However, MIR measurements face challenges due
to strong water absorption and limited tissue penetration [4].

e Raman Spectroscopy: Detects molecular vibrations unique to glucose. Raman
spectroscopy offers high specificity and resistance to interference but requires
complex equipment, making it less accessible [2].

1.3.2 Bioimpedance Spectroscopy

Bioimpedance spectroscopy measures tissue impedance, which varies with glucose
concentration. It is low-cost and portable but influenced by hydration, temperature,
and physiological noise, requiring advanced calibration [5].

1.3.3 Photoacoustic Spectroscopy

Photoacoustic methods involve light absorption by glucose, resulting in heat gen-
eration and acoustic wave production. This technique shows promise for in-vitro
applications but requires further refinement for in-vivo use [%4].
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1.3.4 Polarimetry

Polarimetry exploits glucose’s ability to rotate polarized light. While theoretically
promising, practical implementation is hindered by interference from other optically
active molecules, such as proteins [3].

1.4 Factors Influencing Accuracy

The accuracy of non-invasive glucose monitoring is affected by several factors:

* Physiological Variability: Differences in skin thickness, hydration, and vascu-
larization can introduce noise into measurements [5].

* Environmental Conditions: External factors such as ambient temperature and
humidity affect the performance of optical and bioimpedance systems [%].

e Interference from Other Molecules: Many glucose measurement methods are
susceptible to interference from substances such as hemoglobin and water [2].

1.5 Challenges in Development

Non-invasive glucose monitoring technologies face significant barriers to adoption:

1. Regulatory Hurdles: Devices must meet stringent accuracy and reliability stan-
dards set by organizations such as the FDA and ISO [3].

2. Technological Limitations: Current methods lack the precision required for
clinical use, especially for detecting rapid glucose fluctuations [4].

3. Cost Constraints: High development and production costs limit the accessibility
of advanced technologies like Raman spectroscopy [1].

1.6 Future Directions

Emerging research focuses on overcoming these challenges through:

e Multi-Modal Approaches: Combining techniques like NIR and bioimpedance
to improve accuracy and reliability.

* Machine Learning Integration: Advanced algorithms can analyze complex
datasets, enabling more precise glucose predictions [Z].
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* Miniaturization: Reducing device size and power consumption to enhance

portability and user comfort.

* Cost Reduction: Developing scalable manufacturing processes to lower costs

and increase accessibility [5].

1.7 Conclusion

Non-invasive glucose monitoring represents a paradigm shift in diabetes care. While
current technologies remain limited in their accuracy and practicality, ongoing re-
search is driving significant improvements. The integration of advanced sensing
techniques with machine learning holds the potential to transform these devices into

reliable, cost-effective solutions. Achieving this goal will require interdisciplinary
collaboration and robust clinical validation.
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Non Invasive glucose
measurement techniques

Abstract

Non-invasive glucose monitoring (NGM) is a cornerstone in advancing diabetes man-
agement technologies. Unlike traditional invasive methods, NGM offers a painless
and more user-friendly approach to monitoring blood glucose levels. This review
delves into the evolution of NGM, focusing on key technological advancements such
as near-infrared spectroscopy, Raman spectroscopy, bioimpedance analysis, and mi-
crowave sensing. The challenges associated with accuracy, physiological interference,
and scalability are discussed in depth, along with insights into recent integrations
with wearable and IoT devices.

2.1 Introduction

NGM technologies aim to address these limitations by offering methods that do not
require blood extraction, thereby improving patient compliance and enabling frequent
monitoring. Over the past few decades, significant progress has been made in devel-
oping and commercializing non-invasive glucose monitors using techniques such as
spectroscopy, bioimpedance, and microwave sensing. This paper provides a detailed
exploration of these technologies, their underlying principles, and the challenges they
face.

2.2 Techniques in Non-Invasive Glucose Monitoring

2.2.1 Near-Infrared Spectroscopy (NIRS)

Near-Infrared Spectroscopy (NIRS) utilizes the specific absorption characteristics of
glucose in the near-infrared region of the electromagnetic spectrum (700-2500 nm)
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[1]. By measuring the absorption and scattering of light, NIRS can estimate glucose
concentrations non-invasively. This method benefits from its potential for miniatur-
ization and integration into wearable devices, such as wristbands and smartwatches
[2].

Despite these advantages, the high absorption of water and interference from other
biological molecules in the tissue pose significant challenges. Sophisticated algorithms
and calibration models are required to extract meaningful data from the noisy signals.
Additionally, factors such as skin pigmentation, hydration, and environmental light
can impact the accuracy of NIRS-based devices [3].

Recent advancements have focused on enhancing the sensitivity and specificity of
NIRS through the use of advanced photodetectors and machine learning algorithms,
which can analyze patterns in spectral data and correct for noise and interferences

[1, 4]

2.2.2 Raman Spectroscopy

Raman spectroscopy is a highly specific technique that measures glucose concentra-
tions by detecting the unique vibrational energy levels of glucose molecules. Unlike
NIRS, Raman spectroscopy is less affected by water interference, making it a promis-
ing candidate for NGM [5].

The technique involves shining monochromatic light onto the skin and measuring
the inelastically scattered light, which carries molecular-specific information. While
its specificity is a significant advantage, Raman spectroscopy faces challenges such as
weak signal intensity and high equipment costs. Additionally, patient motion and
varying skin conditions can complicate measurements [6].

Efforts to commercialize Raman spectroscopy-based devices have included the
development of portable Raman spectrometers and integration with machine learning
models to enhance signal processing and prediction accuracy [7].

2.2.3 Bioimpedance Spectroscopy

Bioimpedance spectroscopy measures the electrical impedance of biological tissues,
which varies with glucose levels due to changes in tissue hydration and ionic content
[2]. This technique is cost-effective, fast, and highly scalable, making it an attractive
option for wearable applications.

Devices utilizing bioimpedance have shown promise in clinical trials, though their
accuracy can be affected by factors such as temperature, hydration status, and the
presence of sweat. Advanced device designs now incorporate multi-frequency mea-
surements and adaptive algorithms to improve the reliability of bioimpedance-based
glucose monitoring systems [9].
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2.2.4 Microwave Sensing

Microwave sensing is a novel approach that leverages the dielectric properties of glu-
cose at GHz frequencies. By transmitting microwaves through the skin and measuring
the reflected or transmitted signals, glucose concentrations can be inferred [10].

Microwave sensing offers the advantage of deeper tissue penetration and minimal
interference from external factors such as ambient light. However, it requires precise
calibration and is sensitive to anatomical variations between individuals. Recent
developments in this area include the use of antenna arrays and machine learning
algorithms for data interpretation and real-time monitoring [4].

2.2.5 Photoacoustic Spectroscopy

Photoacoustic spectroscopy combines optical absorption and acoustic wave generation
to detect glucose levels. This hybrid technique provides high sensitivity and has been
explored for integration into compact, portable devices [11].

However, challenges such as signal attenuation, acoustic noise, and limited pen-
etration depth remain significant barriers. Ongoing research is exploring advanced
materials and laser technologies to enhance the performance of photoacoustic glucose
monitors [2].

2.3 Challenges in NGM Technologies

The development and commercialization of NGM technologies are hindered by several
challenges:

* Accuracy and Specificity: NGM devices often struggle with interference from
other biomolecules and variability in physiological conditions, leading to re-
duced accuracy [12].

¢ Calibration: Continuous calibration against invasive glucose measurements is
often required to maintain device reliability, particularly in varying environ-
mental conditions[&].

* Cost and Scalability: High costs of production and the need for advanced
materials and sensors limit the accessibility of NGM technologies to broader
populations[10].

2.4 Integration with Wearable and IoT Devices

NGM technologies are increasingly being integrated into wearable platforms, enabling
real-time glucose monitoring and data analysis. Devices such as smartwatches and
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patches leverage multi-modal sensing techniques to improve accuracy and reduce
errors [2]. Additionally, the integration of IoT and cloud computing facilitates the
aggregation and analysis of glucose data, providing personalized insights for diabetes
management [0, 4].
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Previous Work — Antenna
Design and Creation

Abstract

Bioimpedance-based non-invasive glucose monitoring (NGM) has emerged as a
promising alternative to traditional invasive methods. This review explores the prin-
ciples, experimental techniques, and clinical applications of bioimpedance methods in
glucose monitoring. Advances in electrode designs, frequency range optimizations,
and signal processing are discussed, supported by findings from clinical trials.

3.1 Introduction

Bioimpedance involves measuring the electrical impedance of biological tissues, which
varies with glucose concentration due to changes in tissue dielectric properties. This
review delves into the principles of bioimpedance, experimental techniques, and clin-
ical applications in glucose monitoring.

3.2 Principles of Bioimpedance in Glucose Monitoring

Bioimpedance leverages the electrical properties of biological tissues, such as permit-
tivity and conductivity, which are influenced by glucose levels in the interstitial fluid
and cellular membranes. Dielectric spectroscopy, a key tool in bioimpedance, mea-
sures impedance across a range of frequencies to capture glucose-induced changes
[1].

Studies reveal that glucose affects the dielectric properties of erythrocyte mem-
branes and interstitial fluids. Variations in these properties alter the impedance, en-
abling indirect glucose measurement. Electrochemical impedance spectroscopy (EIS)
has been extensively used for this purpose, with significant advancements in sensor
designs and frequency analysis [2].
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3.3 [Experimental Techniques and Approaches

3.3.1 Electrode Configurations

The design and placement of electrodes are critical for accurate bioimpedance mea-
surements. Studies have explored concentric and coplanar electrode geometries, with
gold and silver coatings to enhance conductivity and minimize noise [3, 4]. Electrode
placement on less variable regions, such as the forearm, has been shown to improve
measurement reliability.

3.4 Methodology and Creation of Sensing Elements

There is a substantial body of work to draw upon for the measurement of glucose
based on electromagnetic properties(eg [5L.[61.[7]). Caduff et al especially, have in
their work, used sensing elements of different sizes placed on top of the skin of
diabetic patients, to try and determine the glucose levels in the human body [&].
The basic principle behind their attempts to noninvasively measure blood glucose
levels is the capacitive coupling of the sensing elements to the body. By monitoring
the changes of this coupling a correlation to blood glucose levels was established.
Based on their work, three sensing elements were recreated to test. These elements
were created to follow the suggestions of Caduff et al [$] but were modified to be single
sided thus allowing for easier construction. Additionally, as they would not be used
for capacitive sensing in contact with the sample but rather remote measurement,
elements with a back made of copper were created as well to be compare with ones
that did not have such a backplane. This backplane was designed to act as a ground
reference for the sensing element (which essentially becomes an antenna). All three
elements were formed as an two half elliptical shapes, connected by a rectangle. The
first one (“large”) had a width of 4 mm, the second one ("medium”) a width of
1.5 mm and the third one (small”) a width of 0.3 mm. They were each placed
in separate copper pours that were connected to ground and separated from the
pour with a gap of 4.2 mm, 1.7 mm and 0.5 mm respectively. They were all 25
mm in length. The main element was connected to the center pin of an SMA jack
and the copper pour around it was connected to the outside of the SMA jack to act
as ground. Each sampling element was manufactured twice; the second one had a
copper backing connected to ground. The created elements are shown in fig. 3.1.
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Figure 3.1: Antennas (sensing elements) created and used. From left to right: small,
medium, large element pairs. For each pair the one on the left is the one without
copper backplane and the one on the right includes it.
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Bioimpedance Measurement
technique

4.1 Introduction

One of the most actively researched measurement methodology is through the elec-
tromagnetic properties of tissues and the varying effects of changing glucose levels
on them. Work from multiple authors has shown this as a viable method to provide
information on the current glucose levels[1],[2],[3]. Based on these observations, this
section attempts to determine if the sensing elements manufactured, could be used
in different configurations to increase measurement flexibility and ease.

4.2 Experimental Setup and results post-processing

The first step was the creation of samples. To this end samples were created using
sterile physiological saline and laboratory grade D-Glucose. Each sample was placed
initially in a cylindrical sample bottle for measurement. Samples were created with
the following concentrations for the first round (mg/dl): 24, 40, 60, 80, 100, 120, 140,
160, 180, 200, 250, 300, 350, 400, 450, 500. A sample consisting of saline only was
also created as a reference. For the second round the samples used (recreated) were
(mg/dD): 50, 100, 150, 200, 250, 300, 350, 400, 450 and the reference. This range and
stepping was selected to closely match human physiological glucose concentrations
as well hyperglycemia [4].

All measurements presented in this section were performed using the HP 8753D
network analyzer. Before each measurement session, the analyzer was allowed to idle
for at least 30 minutes to allow it to reach operating temperatures and a steady state.
Afterwards, a full 2 port calibration was performed using the HP 85033D calibration
kit with all cables of the measurement setup installed. A MATLAB script was to
created that allowed each measurement to be repeated 10 times with a time delay of
60 seconds between each measurement without needing to modify the measurement
setup in any way.
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Figure 4.1: Sample holder for the S11 vs distance sample measurements.

To ensure repeatability due to the placement of the samples, special fixtures were
created that ensured both distance and the relative placement of sample holder and
sensing elements, remained the same across all experiments. The material of the
fixtures did not affect the measurements - indeed measurements were repeated with
and without the fixture to verity that the effect was minimal.

The resulting data were initially averaged and used for the sensing element com-
parison. To test the sensor response to different glucose concentrations the data were
additionally low pass filtered using a moving average filter to remove high frequency
noise. A window size of 50 sampling points was selected as this provided the best
results. Higher sample window sizes tended to overly smooth the measured data,
while lower sizes would not adequately filter it.

Finally, the standard deviation of all repeated measurements for each concentra-
tion/sensor combination was calculated and was used to verify that measurements
remained relatively stable across multiple runs.

4.3 Results

4.3.1 First round of testing

The first round of tests consisted of measuring the Sy; response of the sensing element
when placed at different distances from a glucose containing sample. For the initial
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Figure 4.2: Sample holder for the 521 sample measurements.

experiments, the frequency range of 1-200MHz was selected. This range was selected
as at the high limit of 200MHz the depth of RF penetration in the human body has
dropped to about 7 cm [5], which was considered adequate for future expansion of the
experiment to diabetic patients. Electrode polarization effects that could disturb any
possible measurements were considered to be minimal due to the non-contact of the
probe with the sample. However, measurements were performed to a lower limit of
1MHz to prevent any effects from occurring, as it should only affect the measurements
at the low end of the range to be measured and specifically under 1kHz (as shown by
Gabriel et al [6]). As the sample did not contact the sensing element, stray inductance
effects were considered to be minimal.

Three groups of measurements were performed. For each of the electrodes, full
measurements were performed initially in the range 0-10 cm from the sensor with
a step of 1cm, for the reference sample and the 500mg/dl sample. After analyzing
these measurements, the distance points that provided the best response were selected
(1cm, bem, 10cm). The response of each sample was measured and recorded at these
distance points. Additionally, the ”small” sensing element was removed from further
tests due to the very small differentiation between the reference sample and the
500mg/dl sample(see also fig.4.3).

After the first round of experiments was completed, the most promising sensing el-
ements were selected (medium and large element) and measurements were repeated
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at higher frequencies, up to 6GHz, to determine if higher frequencies would yield
different results, even though there would be minimal penetration of the skin. Glu-
cose levels in interstitial fluid are generally correlated to systematic glucose especially
during rest and some time after food consumption. Consequently, skin properties
change up to nearly the surface depending on glucose concentration - albeit with a
slight time delay[7].

4.3.2 Second Round of Testing - Large Sensing Element Results

The measurement results of the first sensing element are shown in fig. 4.7, 4.8,
4.9. These figures present the results of measuring the samples at different distances
from the sensor (01, 05 and 10 cm). Plotting the response versus concentration for a
number of frequencies (equidistant points regularly spaced between the two extremes
of the frequency axis) shows that the concentration affects non linearly the measured
signal - figures 4.10, 4.11 and 4.12. The standard deviation of all measurements for
a specific concentration and distance can be found in fig. 4.13, 4.13 and 4.15. These
show that standard deviation of all measurements is sufficiently low even though not
completely stable (which can be attributed to experimental variations).

4.3.3 Second Round of Testing - Medium size Sensing Element
Results

The measurement results of the second sensing element are shown in fig. 4.16, 4.17,
4.18. These figures present the results of measuring the samples at different distances
from the sensor (01, 05 and 10 cm). These show a greater differentiation of the
resulting curve, dependent on the sample glucose concentration when compared to
the previous sensor design. Plotting the response versus concentration for a number
of frequencies (equidistant points regularly spaced between the two extremes of the
frequency axis) shows that the concentration affects non linearly the measured signal
- figures 4.19, 4.20 and 4.21. Finally, the standard deviation of all measurements for
a specific concentration and distance can be found in fig. 4.22, 4.23 and 4.24. These
show that the standard deviation of all measurements is sufficiently low but exhibit
the same phenomenon as the previous sensing element.

4.3.4 Third round of testing

Finally, the effect of glucose concentration on the Sy; parameter was measured by
utilizing multiple sensing elements with the glucose containing sample placed between
them. The results of these measurements did not show any ability to discern glucose
concentration. The results are shown in figs. 4.5,4.6.
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Figure 4.12: Sample response versus concentration at different frequencies - Large
sensing element at 10 cm.
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Figure 4.13: Standard deviation of all measurements for each concentration versus
frequency - Large sensing element at 01 cm.
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Figure 4.14: Standard deviation of all measurements for each concentration versus
frequency - Large sensing element at 05 cm.
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Figure 4.15: Standard deviation of all measurements for each concentration versus
frequency - Large sensing element at 10 cm.
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Figure 4.16: Sample response at different frequencies and concentrations - Medium
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Conclusions for the antenna
based measurement method

Conclusion

The experimental methodology focused on studying the Sy; response across varying
glucose concentrations and measurement distances. Despite consistent experimental
execution and repeatable results, a definitive, linear dependence of sensor response on
glucose concentration could not be established. The observed non-linearity suggests
complexities in the interaction between the sensing elements and the medium, possibly
influenced by environmental factors or sensor design limitations. Additionally, initial
explorations into the Sy parameter and the integration of multiple sensing elements
did not yield promising results, leading to the abandonment of this method in the
current context. However, these findings underscore the need for further investigation
to elucidate the nuanced behavior of the system.

Future Work

To address the limitations observed in this study and explore potential enhancements,
the following avenues are proposed:

1. Advanced Computational Modeling: Utilizing a highly tunable dynamic model
for impedance-based sensing, similar to the model described in Dimas et al
[1] for Electrical Impedance Tomography (EIT), may provide deeper insights
into the behavior of sensing elements in varying glucose concentrations. Such
models can simulate environmental and structural variables, offering a platform
for pre-experimental testing and calibration.

2. Parameter Optimization: Incorporating advanced machine learning techniques
for optimizing sensor design parameters (e.g., geometry, material properties, and
measurement protocols) can improve response sensitivity and reduce noise.

3. Exploration of Non-Linearity: Investigate the physical and chemical inter-
actions causing non-linear behavior in the S;; response. Techniques such as
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spectroscopic analysis or molecular simulations may identify underlying phe-
nomena.

Development of Multi-Element Systems: Revisiting multi-sensor designs with
improved data fusion algorithms could enable robust measurements. Emphasis
should be on overcoming signal interference and enhancing the interpretability
of combined S;; and Sy parameters.

Integration with Dynamic Models: Drawing inspiration from the referenced
thoracic model, a parameterized framework tailored to glucose sensing could
simulate varying concentration gradients and test response consistency across
simulated and experimental datasets.

Hardware Enhancements: Addressing limitations in current measurement
hardware, such as electrode design and signal processing circuits, to ensure
higher fidelity and stability under varying measurement conditions.

Data-Driven Insights: Leveraging advanced data analytics and Al-driven ap-
proaches to interpret the experimental results, identify patterns in non-linear
responses, and propose targeted improvements in sensor design.
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Simulation of the Human
kin

6.1 Introduction

Modeling light propagation in human skin is critical for applications such as optical
diagnostics, phototherapy, and glucose monitoring and specifically the development
of a light-based sensor (as will be seen in the following chapters). Human skin’s
multilayered structure, comprising the epidermis, dermis, and subcutaneous tissue,
presents challenges due to its heterogeneity and the complex interplay of scatter-
ing and absorption phenomena. This section presents the results of an exploration
into several computational approaches, including the Finite Element Method (FEM),
Monte Carlo methods using the Monte Carlo Simulation of Multi-layered Turbid
Media (MCML), and the Discrete Ordinate Radiative Transfer (DISORT) method. Al-
though all three methods were investigated, FEM was ultimately chosen for its ease
of use and the quality of results.

6.2 Simulation Methods

6.2.1 Helmbholtz Equation for Light Propagation

The Helmholtz equation, derived from Maxwell’s equations, describes the behavior
of electromagnetic waves in a medium:

V2E + K2n’E = 0,

where E is the electric field amplitude, k = 27/\ is the wavenumber, ) is the wave-
length of light, and n is the refractive index. This equation is particularly suitable
for modeling biological tissues due to its ability to account for wave-like behavior,
scattering, and absorption.

The equation was solved using FEM, which discretizes the computational domain
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into smaller elements, allowing accurate simulation of complex geometries. The weak
form of the Helmholtz equation used in FEM is:

/ (V¢ -VE — kK*n*¢pE)d2 = 0,
2

where ¢ represents test functions, and (2 is the domain.

6.2.2 Monte Carlo Simulations Using MCML

The Monte Carlo method, implemented via the Monte Carlo Simulation of Multi-
layered Turbid Media (MCML) algorithm, was initially explored to model light scat-
tering and absorption. MCML is well-suited for simulating photon transport in multi-
layered tissues, incorporating Mie and Rayleigh scattering effects [1]. While Monte
Carlo methods are widely considered the gold standard for accuracy, their compu-
tational expense proved a significant limitation. Additionally, the stochastic nature
of the simulations required extensive averaging to reduce noise, further increasing
computational time. These challenges made MCML less practical for iterative simu-
lations.

6.2.3 DISORT for Radiative Transfer Simulations

The Discrete Ordinate Radiative Transfer (DISORT) method was also evaluated for
its potential to model light-tissue interactions. DISORT solves the radiative transfer
equation (RTE) for vertically inhomogeneous media using Legendre polynomial ex-
pansions for scattering phase functions [2]. It excels in handling layered structures
and anisotropic scattering. However, setting up DISORT for realistic biological sys-
tems proved complex, particularly for incorporating the inhomogeneous and highly
scattering nature of human skin. The computational setup and sensitivity to param-
eter tuning limited its usability for this application. A final barrier to adoption was
the increased challenge of implementing the algorithms.

6.3 Finite Element Method for Modeling Light Prop-
agation

Given the challenges with MCML and DISORT, FEM emerged as the most practical
and effective method for modeling light propagation in human skin. FEM was used
to solve the Helmholtz equation for a three-layered skin model, representing the epi-
dermis, dermis, and subcutaneous tissue. The method provided flexibility in handling
complex geometries and heterogeneous properties while maintaining computational
efficiency.
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Figure 6.1: COMSOL model and the meshed output.

The earlobe was chosen as the simulation site due to its thin structure and rela-
tively homogeneous layers. Boundary conditions were applied to simulate incident
light and handle reflections at tissue interfaces. FEM simulations yielded high-quality
results, including intensity distributions and absorption profiles, which aligned well
with prior studies on light-tissue interaction [3].

Advantages of FEM:

¢ Ease of Use: Simplified setup compared to DISORT and MCML.

* Result Quality: Accurate representation of light propagation with minimal com-
putational overhead.

¢ Flexibility: Effective handling of heterogeneous and layered structures.

Challenges and Limitations Despite its advantages, FEM faced challenges related
to:

* Complex Geometries: High-resolution meshes are required to capture intricate
structures like capillaries. As this work did not require such extreme accuracy
and instead relied more on the average values of the tissues, this did not affect
the results.

* Boundary Conditions: Accurate representation of light-tissue interfaces is crit-
ical for reliable results.
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Figure 6.2: Simulated light absorption and propagation on human earlobe.
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6.4 Methods for Extracting Parameters of Human Skin

The accurate simulation of light propagation through human skin in finite element
modeling (FEM) necessitates precise characterization of its optical and physical pa-
rameters. This section discusses methods for extracting key parameters, such as scat-
tering coefficients, absorption coefficients, refractive indices, and anisotropy factors,
based on contemporary research and techniques.

6.4.1 Light Scattering and Absorption Analysis

Light scattering and absorption are fundamental interactions governing light trans-
port in skin. The Rayleigh and Mie scattering theories provide mathematical frame-
works for describing scattering phenomena. Rayleigh scattering applies to small
dielectric particles where the particle size is much smaller than the wavelength of
light, while Mie scattering addresses larger particles with size parameters comparable
to the wavelength. These models facilitate the estimation of scattering coefficients and
anisotropy factors in multilayered skin structures [%].

Absorption properties are influenced by chromophores like melanin and
hemoglobin. These are quantified by the absorption coefficient, derived experimen-
tally using techniques such as diffuse reflectance spectroscopy [5].

6.4.2 Mueller Matrix Polarimetry

The Mueller matrix method, coupled with Stokes polarimetry, is an advanced tech-
nique for extracting parameters like birefringence, dichroism, and depolarization from
turbid media such as human skin. By decomposing the Mueller matrix, effective
parameters including linear birefringence, circular dichroism, and depolarization in-
dices can be determined. These parameters are critical for simulating light behavior
in complex tissue geometries [6].

6.4.3 Near-Infrared Spectroscopy

Near-infrared (NIR) spectroscopy provides non-invasive measurement capabilities for
biological tissues. This technique captures glucose concentration, refractive index
variations, and scattering properties by analyzing light interaction across the NIR
spectrum (900-2500 nm). For instance, the interaction of polarized light with glucose
solutions under varying conditions offers insights into the refractive index mismatch
and aggregation properties of skin tissues [7, &].
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6.4.4 Multiscale Modeling

Multiscale modeling addresses the heterogeneous nature of skin by incorporating
micro- and macroscopic interactions. It enables the integration of parameter varia-
tions, such as vascular structures and chromophore distributions, into FEM simula-
tions. This approach highlights the limitations of classical homogenization techniques
when applied to highly heterogeneous tissues [5].
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Sensor design

In this section, a novel sensor for the measurement of glucose in aqueous solution
is presented. The sensor created uses off-the-shelf parts and achieves detection of
changes of glucose concentration, in a physiological saline sample.

The proposed sensor is based on the measurement of the change of ToF when
light travels through a sample containing glucose.

ToF sensors are widely utilized in distance measurement due to their precision and
versatility. The fundamental principle involves emitting a signal, which travels to a
target and reflects back to the sensor. The elapsed time, known as the time of flight, is
directly related to the distance. While direct ToF measurement uses the travel time of
the signal, phase-based ToF sensors utilize the phase difference between transmitted
and received signals to infer distance, offering enhanced accuracy, particularly in
short-range and high-precision applications.

In phase-based ToF sensors as the one used here, the transmitted signal is typically
a continuous sinusoidal wave:

S(t) = Asin(2xft) (7.1)
When this wave reflects off a target and is received back, it exhibits a phase shift:
R(t) = Asin (27ft + ¢) (7.2)

The phase shift ¢ is directly proportional to the propagation delay (A#) of the signal:

¢

= 9nf (7.3)

At

Copyright © 2024 MDPI. This chapter is an adaptation and is reprinted, with permission, from:
Asimakopoulos, K.; Hristoforou, E. Non-Invasive Glucose Measurement Technique Based on Time-
of-Flight. Appl. Sci. 2024, 14, 11602. DOI: 10.3390/app142411602.
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Figure 7.1: Simplified schematic of a heterodyne ToF sensor.

Using this time delay, the distance d can be computed as:

¢ At ¢ ¢

d — 7
2 4rf

(7.4)

Here, ¢ represents the speed of the wave (e.g., speed of light for optical signals).
This method is advantageous for achieving high precision since small changes in
phase can be detected with sub-wavelength accuracy.

Phase-based ToF sensors offer high accuracy due to their sensitivity to small phase
shifts, making them ideal for applications requiring fine resolution. Additionally, such
sensors allow for high sampling rates, as they do not require measurement of a full
signal round-trip time, enabling real-time applications. However, phase difference
measurement also presents challenges. If the round-trip distance exceeds the signal
wavelength, the phase shift may repeat, leading to ambiguity. This issue can be
addressed using multiple modulation frequencies to distinguish between different
phase cycles. A second challenge is their environmental sensitivity - optical ToF
sensors can be affected by the presence of ambient light. This can be countered
either with selective filters or with precise setups that decrease ambient light effects.
A relatively simple technique for this would be a heterodyne receiver as the one
shown in fig. 7.1. (Additional information on ToF can be found in the work of
Markus-Christian Amann et al. [1]).

For the sensor presented here, modulated, non polarized light of a narrow wave-
length centered at 850nm enters the sample where it is absorbed and scattered by
the presence of glucose(fig. 7.2). The optical properties of the tissue, including its
scattering and absorption coefficients, are sensitive to changes in glucose concentra-
tion, making this a promising approach for non-invasive glucose monitoring. Kohl



89

05 20 oo OOOOOS
[‘Sensor | (ED) [‘Sensor | (ED)

Figure 7.2: Representation of scattering of light from glucose molecules. Changing
concentration affects sample scattering.

et al. have demonstrated that glucose concentration significantly affects the veloc-
ity of light and the scattering coefficient in tissue-simulating phantoms, providing a
critical understanding of how glucose alters light transport properties in biological
tissues [2]. This behavior directly impacts the intensity of light reaching the sensor
due to the increased frequency of scattering events. Consequently, these scattering
events influence the accuracy and sensitivity of the measurements made by the de-
veloped sensor. Changes in blood glucose levels also affect the extracellular fluid
(ECF), leading to modifications in the optical properties of the tissue. Maier et al.
observed that the reduced scattering coefficient can be utilized to detect glucose level
changes both in the ECF and the bloodstream, supporting the use of scattering-based
optical techniques for glucose monitoring [3]. This insight aligns with findings by
Bruulsema et al., who established a correlation between blood glucose concentration
and the tissue’s reduced scattering coefficient [4]. Furthermore, studies by Larin et
al. demonstrated the capability of optical coherence tomography (OCT - a technique
dependent on scattering) to assess glucose-induced changes in tissue scattering prop-
erties with high specificity, suggesting its utility for glucose sensing applications [5].
These observations are further supported by the work of Amerov et al., who inves-
tigated glucose-induced alterations in light transport through blood, illustrating the
significance of scattering dynamics in non-invasive glucose sensors [6]. This body of
work collectively underscores the critical role of light scattering in non-invasive glu-
cose sensing technologies. However, works available up to now were created using
high complexity and cost equipment, usually only available in a laboratory setting.
By leveraging these optical phenomena, as well as low cost of the shelf sensing ele-
ment the presented sensor represents a promising step toward accurate, non-invasive
glucose monitoring in clinical and daily use.
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7.1 Experimental Setup

The experimental setup comprises a custom-designed sensor, a sample holder, and
a 3D-printed adapter. The sensor is built around the Texas Instruments OPT8320
IC, which utilizes a phase-based ToF approach to measure distance. This IC drives
an external infrared LED (Wurth Elektronik, Model 15411085A4570) emitting at
850nm. This wavelength was chosen due to the sensor’s peak transmissivity at
850nm (see also [7]) and its position within the optical window of tissue, allowing
optimal light penetration(see also Fig.1 in [8]). Additionally, glucose concentration
significantly affects scattering at this wavelength range[”].

The OPT8320 features an 80x60 pixel sensing array accessible by its sensing
engine, enabling individual measurement of each element. By exploiting the sensor’s
high sensitivity and configurability, it is possible to indirectly measure the degree of
light scattering by a sample placed on the sensing element. The experimental setup
developed is shown in Fig.7.8b.

Sensor data is output in a custom binary format over a 24MHz parallel bus,
matching the IC’s clock frequency. To capture this data, an interconnect circuit
based on the Cypress FX3 USB 3.0 platform was developed, which supports direct
acquisition of up to 32 bits of parallel data at high clock rates and streams it to a host
computer via USB 3.0. The FX3 platform also configures the OPT8320 over an 12C
interface. This circuit connects the OPT8320 to the FX3 and supplies all necessary
power rails, derived from the USB power supply. Adequate power supply filtering
was added to mitigate noise from the USB port, following guidelines from relevant
application notes (FTDI and Micrel/Microchip [9],[10]). The required voltages are
generated using low-noise linear voltage regulators, and the negative bias voltage for
the sensor is produced using a switched-capacitor inverter followed by a low-noise
regulator. The OTP8320 schematic can be seen in figure 7.3. The schematic of the
various power supplies used have been split in three parts. The first is the PMIC
used that generates all the main rails. This can be seen at fig. 7.4. This supplies the
OTP8320, the inverter that generates the necessary negative voltages (fig. 7.5) and
finally the linear power supplies that step down the voltage with very low noise (fig.
7.6)

Software was developed to allow the FX-USB3 to initialize and control both the
OPT8320 sensor. Custom software was also created to facilitate data capture from
the FX-USB3 to a file on the PC. An example of the data provided, visualized as a
grayscale image, is provided in fig. 7.7. A high level diagram of the circuit created
is shown in fig. 7.8a and the PCB manufactured and mounted on the FX-USB3
platform is shown in fig. 7.9.

The sample was contained within a cylindrical cuvette, carefully chosen for its high
transparency in the targeted wavelength range (Hellma Analytics 692 — 091 —12). To
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Phase

Figure 7.7: Phase data from sensor, rendered as grayscale image.
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ensure it did not influence the measurements, the cuvette’s transparency was further
validated by conducting tests on both an empty cell and one filled with saline.
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Measurements — Results
using the ToFF method

8.0.1 Measurement Post Processing

As has already been mentioned, the sensor used provides data in the form of a
binary stream. This data is captured and transferred to a PC as a single file to
simplify firmware development on the hardware side. On the host PC, the binary file
is converted to four separate binary arrays that include sensor phase and amplitude
data. These were initially converted to simple grayscale images by mapping all
possible sensor values to the 8bit grayscale image space (with the expected loss of
information) in order to verify correct sensor operation and communication. This
was achieved by commanding the sensor to switch to the integrated testing mode
which switches the incoming data with a predictable array of increasing numbers
(a simple binary counter). After successful verification of operation the test mode
functionality was disabled.

To decrease possible noise from the sensor, multiple samples were acquired for
each sample. Each measurement from the sensing element consists of 4 arrays of
4800 cells. The cells of each array correspond to a pixel of the sensor array while
the arrays represent the four different data types that the senor provides. These are
the amplitude of the signal received, flags that provide data for the operation of the
relevant pixel (eg if it has been saturated), ambient light data (in case of operation in
an area with near infrared sources) and the phase data of the received signal. The
last one is the data used in this work. This is the phase difference of the captured
signal to the reference signal (as created by modulating the LED driving current)
with higher values representing higher difference and thus greater distance traveled.

The multiple recorded samples were averaged to produce a single array for each
measurement. The data produced thus was in turn further filtered using a moving
window averaging function with a sample size of 1000 to remove noise. This value
was selected so as to prevent excessive smoothing but also remove spikes of noise in
the produced data. The moving average filtering algorithm was selected over other
possible algorithms (for example weighted averaging) due to several reasons - mainly
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Figure 8.1: 3D rendering of the designed sample holder.

the following:

* The application allowed for a trade-off, between preserving fine details and
simplicity. As a mean value was required fine detail was not necessary.

e Since the data was a one-dimensional array from a two-dimensional image,
there was a number of spikes and anomalies (eg due to local two dimensional
irregularities that were converted to periodic irregularities in the array). The
moving average filter handled effectively their removal.

* At this stage of sensor development and to simplify testing, the moving average
filter’s straightforward implementation was considered an ideal choice.

Finally, the sensor provided amplitude data was also compared between different
measurements and found to differ within the detection limits of the sensor (+2LSB).

8.0.2 Measurements Performed

The performance of the sensor was determined by multiple measurements of the
produced samples. A buffer solution of physiological saline was used, to which
different amounts of D-glucose (Sigma Aldrich G8270-1KG) was added. The quantity
added was adjusted so as to create multiple solutions with glucose concentrations that
initially cover the range of human normal blood glucose levels (70mg/dl — 140mg/dl)
[1]. Additional samples were created to cover values up to an upper limit of 500mg/dl.

A cuvette holder was designed and 3D printed to prevent position changes dur-
ing measurement and to attempt and preserve the cuvette placement while different
samples were placed on the sensor (fig.8.1).

To verify that the sensor’s measurements are not affected by the sample container
used, full measurements were acquired using just an empty container. The results
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showed that the sensor did not register significant signal change with or without the
sample holder, that could not be attributed to ambient and system noise.

After initial verification of sensor operation, the full samples were measured using
the sensor developed. The initial results were not as expected and indicated that the
samples did not have the expected glucose concentration. This led to their recreation
and verification using laboratory instruments. The samples were then relabeled based
on the measured glucose concentration. The final measurements are shown in figures
8.2 and 8.3.
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Figure 8.2: Averaged sensor output (phase of received signal) versus sensor pixel for
different glucose concentrations in sample.

The results shown in the previous figures are the raw sensor values for each pixel
of the sensor (an array of 80 x 60 pixels). This sensor value is proportional to the
phase difference of the received signal vs the emitted(reference) signal. An increased
value for a sensor pixel represents increased distance traveled by the light pulses
emitted by the LED.

To correlate the measured values with real glucose values, the moving average
window was increased to 4000 samples. The result of plotting the mean value of
data received versus the concentration, is shown in figures 8.4,8.5 and 8.6. . Error
bars were added using the values from multiple measurements performed on each
sample (with the exception of figure 8.6). Error bars were added only on sensor
measurements - glucose concentration of samples was verified with existing certified
sensors. An initial linear fit was attempted - the polynomial degree was chosen so
as to arrive to an R*> > 0.95. Thus, a 1st degree polynomial was chosen for both the
amplitude data and the phase data. The factors of those as well as the R? values are
shown on the relevant figures.
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Figure 8.3: Averaged sensor output (amplitude of received signal) versus sensor pixel
for different glucose concentrations in sample.

Additionally, the measured amplitude signal of the pure saline sample was used
along with the amplitude signals of the rest of the samples, to create scaling factors.
These were applied to the phase measurements and the results are shown in fig. 8.6.
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Conclusions on using the
ToF method

Based on the above results, the developed sensing method shows promise in the
measurement of glucose in aqueous solutions, based on the change of the optical
properties. The sensor developed allows for the detection of glucose changes based
on the change of the time of flight of light through a sample using relatively inexpen-
sive, off-the-shelf components. The results of the sensor show a correlation between
the measured value and the sample glucose concentration. The error margins are
relatively high but it should be possible to improve these with further fine tuning
of the different sensor variables and circuit design. The developed sensor is consid-
ered to be at TRL3 - the sensor demonstrates basic functionality under in a research
environment however further work is needed.

Future work on this TRL3 sensor should begin with experimental design, integrat-
ing both in vitro and in vivo testing stages alongside direct comparisons to benchmark
equipment. To this end, experiments will be structured to include baseline readings,
dynamic environmental exposures, and testing in the presence of potential interfer-
ents. The sensor could be tested on a lipid emulsion to simulate skin optical properties
(as has been tried by Kirillin et al with good results [1]). The sensing element used
has multiple parameters that should be further adjusted to improve the sensor re-
sponse - initial values based on datasheet recommendations were used in this work.
These parameters could also affect sensor response in different environments.

After reaching a well defined state for the sensor parameters, experimentation
should be expanded to include live biological specimens or human subjects (where
applicable) to finally observe the sensor’s behavior in a biological matrix and revealing
any potential effects by other biological materials, response time variations, and other
sensor-material interactions. Initial work has already been done to verify that the
LED wavelength and light emitted are sufficient to achieve an acceptable penetration
depth (using data and skin models from Anderson et al and Bashkatov et al [2][3])

An additional experimental modification is the wavelenght used. Further work
should increase the spectrum of wavelengths used - there have been promising results
from using wavelengths in the NIR region between 1200nm up to 2500nm [4]. To ad-
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dress this, revised versions of the sensor presented here are currently being designed
that will operate in this region. Such sensors will probably have decreased area of
measurement but will be based on the same principle. Work is ongoing to evaluate
these updated sensing elements and optimizing the accompanying circuit design to
enhance the sensor’s stability and sensitivity. However, LEDs of sufficiently high
speed and photodiodes of likewise high sensitivity able to operate in these wave-
lengths are prohibitively expensive when compared to devices tuned for wavelengths
less than 1000nm. Thus while such a research direction could prove beneficial as
regards the sensor operation, it should be heavily weighted with the current imple-
mentation which is very low cost - a complete sensor package costing at the time of
writing about 100 EUR.

On the processing side, future work shall focus on refining the quality of image-
based data by employing advanced noise reduction algorithms. Adding to that, it
is also important that the data processing workflow is further expanded and opti-
mized or even improved upon. The moving average algorithm currently used, while
effective in certain scenarios, has limitations and may not fully optimize noise reduc-
tion while preserving essential information. Techniques such as weighted averaging
and bilateral filtering will be explored for their ability to preserve fine details while
effectively mitigating noise, particularly in environments with high variability. Com-
parative studies will be conducted to identify the most suitable algorithm, balancing
computational efficiency and performance. Prior research has demonstrated the util-
ity of bilateral filtering in maintaining edge integrity in noisy medical images (as
is done in general for images by Tomasi & Manduchi [5]) and the applicability of
weighted averaging for reducing noise in imaging data. Additionally, the nonlocal-
means algorithm has been used with promising results (as has been shown in the
work of Buades et al. [6]). These insights will guide the optimization of the sensor’s
data processing pipeline, aiming to enhance the reliability and accuracy of glucose
concentration measurements.

Finally, the results of the sensor should be compared with a robust theoretical
model to complement the experimental findings. This model will be based on finite
element analysis (FEA). A method is currently being developed to simulate light
scattering in a multilayered tissue model (based of the work of Vasudevan et al[7],
Liemert et al[8] and Saidi et al[9]). The objective is to establish a predictive framework
that accurately reflects the sensor’s performance and which will in turn should allow
for optimization of sensor design for diverse applications. Furthermore, integrating
this model with experimental validation will enhance the reliability of the sensor,
providing deeper insights into its operating principles and enabling its use in more
complex scenarios.
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Conclusion and Further
Research

The pursuit of non-invasive glucose sensing technologies has been a focal point in ad-
vancing diabetes management, offering the potential for painless, real-time monitoring
of blood glucose levels. This thesis explored various methodologies and techniques,
including a more in depth analysis of bioimpedance spectroscopy, and optical spec-
troscopy providing a comprehensive understanding of their principles, applications,
and limitations.

The experimental studies conducted as part of this research have demonstrated
the promise of innovative sensor designs and advanced signal processing techniques,
particularly those utilizing Time-of-Flight (ToF) principles. A novel optical sensor
based on the Time-of-Flight (ToF) method was successfully developed, demonstrat-
ing sufficient depth penetration and sensitivity to detect glucose-induced changes in
human skin. These promising results highlight the potential of optical methods as
a cornerstone for reliable non-invasive glucose monitoring. Despite challenges such
as interference from physiological variability and environmental factors, the findings
underscore the feasibility of integrating non-invasive glucose monitoring technologies
into wearable and IoT-enabled platforms.

Attempts to use bioimpedance spectroscopy and RF techniques, particularly
through S;; and S91 parameter measurements, did not produce meaningful results.
While repeatable measurements were achieved, no reliable correlation to glucose con-
centrations was found. These failures are attributed to the non-linear scattering be-
havior of electromagnetic waves in tissues, significant interference from water content,
and variability in dielectric properties. Despite these challenges, the insights gained
informed sensor refinement and highlighted the limitations of single-parameter ap-
proaches.

This work emphasizes the potential of optical methodologies for non-invasive
glucose sensing while recognizing the need for complementary approaches to address
unresolved challenges in signal accuracy and specificity.
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Future Work

To address the limitations identified and advance non-invasive glucose sensing, the
following directions are proposed:

1. Integration of Multi-Modal Sensing Techniques: Develop a multi-parameter
sensor system that combines optical, bioimpedance, and RF techniques. Multi-
modal approaches can leverage the strengths of individual methods while mit-
igating their limitations. For example, integrating near-infrared spectroscopy
(NIRS) with bioimpedance and RF measurements could enable cross-validation
of glucose-specific signals while compensating for water-related interference [/,

1.

2. Eliminating Measurement Errors: Emphasize methods to reduce physiologi-
cal and environmental variability. Techniques that isolate glucose-specific effects
from confounding factors, such as water content, tissue hydration, and motion
artifacts, are critical. Spectroscopic methods targeting glucose-specific absorp-
tion bands could significantly reduce ambiguity [3].

3. Data Fusion and Machine Learning: Develop advanced data fusion techniques
using machine learning to analyze and combine data from multiple sensing
modalities. Such models can enhance signal-to-noise ratios, identify glucose-
specific patterns, and improve predictive accuracy [4].

4. Validation Across Populations: Conduct extensive validation studies across
diverse populations to ensure robustness against variability in skin tone, tissue
composition, and physiological differences.

5. Advanced Simulation and Modeling: Expand computational modeling efforts,
such as Finite Element Method (FEM) and Monte Carlo simulations, to sim-
ulate light-tissue interactions and dielectric properties under varying glucose
concentrations. These simulations will guide sensor design and calibration [1].

6. Miniaturization and Wearable Devices: Focus on miniaturizing the multi-
modal system into wearable platforms for continuous glucose monitoring. In-
tegration with IoT platforms can enable real-time analytics and personalized
diabetes management.

By addressing these challenges, future research aims to develop next-generation
non-invasive glucose monitoring systems with improved reliability, accuracy, and
user-friendliness.
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