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HPOHIUPEHU N3BOA AOKTOPCKE TE3E

EJleKmPOHC‘Ku cucmem npeno3nasarba epcme meuHocmu, nPpUMEeHomM

UHMEPOUSUMATIHO2 KOHOEH3amopa
Anexcanapa Bykosuh PykaBuna

daxynTeT TEXHUYKUX Hayka, YHuBep3uretr y Hosom Cany

2015.

Pa3Boj u nmpuMeHa MeTo/1a U HHCTPYMEHTAIIHj€ Y aHAJIU3U OO KOje CYICTaHIIe
¥MMa 3a IIuJb J100Mjalkbe KOPUCHUX MUH(pOpMalHja O TaTOM Y30pPKY. AHAJIUTHUKE METOJE
aHalu3e ce TeHepaliHO Jelie Ha KiIacu4yHe M MHcTpyMeHTanHe. Kiacuune metoze ce
cacToje o]l MPUIIPEMHUX METOJIa 3a MpeuninhaBame y30paka U KBaJIUTATHBHE aHATN3E
¢bu3nMYKUX 0COOWHA TOIITO C€ TOY3/aHa aHAJM3a MOXKE BPIIUTH CaMO HAa YUCTHM

y3opaouma. v KBaJII/ITaTI/IBHOj daHaJIM31 U3BOJIC CC MCPCHbA 3alIPpEMHUHC U MACC y30paKa.

WNHcTpyMeHTamHe MeToJe ymoTpeOsbaBajy HWHCTPYMEHTAlMjy y TIpOIecy
Mepewma PU3MKUX 0coOMHA y3 Kopuinheme OpojHHX MeToja npeurinhaBama y30paka.
Kao renepamHo mpaBmio 3a ogabWp MPUCTYNMa Yy aHAIW3M Y30pKa TMOTpeOHO je
OJIPE/IUTH J1a JIU j€ y30paK eIEMEHT W jeAUbCHhe. AKO je y MUTalky SIIEMEHT, HEKa 01
CIEKTPOCKOIICKMX METO/Ia j€ HAJIIOTOAHM]a. AKO je Y TUTakYy jeAHmHEHE, MOTPEOHO je

YTBPIUTH J1a JIH j€ JeIUHCH-E MEIIABIHA UJTH j€ Y TUTamkhy YHCT ITPOU3BO/I.

MoryhHocT Mepewma ocoOMHa MaTepujajia jé BeoMa Ba)kHa 3a BEJIUKHU Opoj
aruikanyja. MoryhHOCT HenecTpyKTUBHOT Tmipahema (QU3WYKUX WM XEMHJCKHUX

IpoOMEHa Haja3u MPUMEHY Yy WHIYCTHJU, MEIUIMHU U Haylu. Yucra cyncraHna ce



MOXeE aHaiu3upatu mnopehemeM mWEeHUX (U3NYKUX ocoOuHa ca peepeHTHUM
cTaHgapauma. Maca u 3ampeMuHa 3aBUCE OJ KOJIMYMHE y30pKa M HHCY IOTOJHE 3a
Kopumheme y TmpouecuMa wuaeHTUUKanMje cyncTaHnu. boja, ryctuHa, Tayka
3aMp3aBamka M KJbyyama, PAcTBOPJbUBOCT M HHIAEKC IpellaMama Cy JeIUHCTBEHE
KapakTepUCTUKE CBaKe CYyICTaHIe M ojpehuBame OBHX MapameTapa omoryhara

UICHTU(UKAI]Y HETIO3HATOT Y30pKa.

3a mamu Opoj y3opaka, yoOW4aeHO je aAa ce ymnoTpeOJbaBajy KiIacHYHE
nabopatopujcke MeroAe aHanmm3e. DU3NUKEe OCOOMHE YHCTHX CYICTAaHIU C€ YBEK
HABOJIE Y JHTEpaTypu IOCTYNHO] y JjaboparopujaMa M HAyYHMM OuOIMOTEKaMma.
[Topehemem pesynTara WCIHTHBaKka Y30pKa ca JaTHUM CTaHaapauMa wmoryhe je

npeAIOCTaBUTH UACHTHUTCT.

Kako je mnperxogHo omucaHo, 3a uACHTU(DUKAIM]Y Y30pKa IOTPEOHO je
yTBpauTHU oapehen Opoj ocobuHa, 1a Ou ce y3opak kiacupukoao. OBaj mpouec Moxe
OUTH BPEMEHCKHM 3aXTE€BaH WM HeoJroBapajyhu ako je mporec moTpeOHO CIPOBECTH
u3BaH Jaboparopwje WM j€ Yy30paK TOKCMYaH W OIMAcaH 3a oIeparepa.
ExcnepumenTanana Hayka KOPUCTH 3HaW€ BUIIE JAUCHUIUINHA M OCJIamka Ce Ha pa3He
dbeHomene ma OM ce pa3BWIM MHCTPYMEHTH KOjU OM OBaj MPOLEC MOjeTHOCTABHIN H

YUMHWIN Tra 6e30eJHUM 3a orepaTepa.

WHcTpyMeHTallHE METOZE, y JaHallllkbe BpeMe, TOMUHUPA]y Yy BehuHu obsactu
HayKe W TexHojoruje. Y mnopehemy ca KIacMUYHMM MeToJama, OBaj IPUCTYI Jaje
Op3uHY, OCETJBUBOCT U ayTOMATCKU pajl. Y CBUM oOJacTUMa, BaXKHE OJUIYKE, peliema
npobieMa M Hampegak cy Oa3upaHd Ha HMHCTPYMEHTAJIHMM MeTojgama. MojepHa
UHCTpYMEHTanuja omoryhaBa pyTHHCKY aHaIU3y M HICHTU(UKALN]y HETO3HATUX
cyncranuy. CoeKkTpocKonuja, MaceHa CIEKTPOMETPH]a, €IEKTPOXEMUJCKE U TEpMaJIHE
aHaJu3e, Kao U Pa3sHOBPCHE XMOPUIHE TEXHUKE Ka0 KOMOMHAIM]a IPETXOJHUX METOAA,
Npe/CcTaB/bajy HEKe oJ Hajuemhux HHCTpyMeHTanHuX npuctymna. [Ipobnem kon
UHTpyMEHaTa KOpuIIheHMX Yy OBMM MeTOoJaMa Cy BHCOKa IIeHa, IOTpeOHU

1abopaToOpHjCKU yCIOBU pajsia, BpeMe M IIeHa OJpKaBama U KanuOpammje. 300T cBera



OBOI', HTHCTYMCHTAQJIHC MCTOJIC CC YINIABHOM KOPUCTC 3a aHAJIM3UPALE BCIIMKOT 6poja

CIIMYHMX y30paKa, jep TaJia aHjiu3a ocTaje MpucTynayHa u pejJaTUBHO Op3a.

MunujaTypusanrja XeMHUJCKHX W OHOJIOIIKMX CEH30pa NPUBJIAYM CBE BHUIIIE
NaXmbe Y MEIUIIMHCKO] AMjarHOCTHIIM, 3aIITUTH >KMBOTHE CpenuHe, dapManuju Uy

BOJHUM aruIMKaIiujama.

WNutepecantHa o00nacT Hay4HOT pa3Boja TMpPEACTaB/ba CHUCTEM Mepema
IUENeKTPUYHNX OcoOMHa rae je Moryhe nooutu uHbopManujy o MpPOBOJHOCTH H
HNEePMUTHUBHOCTH Yy30pka. M3 yrma enekTpoMarHeTHe Teopuje, OJ3UB BEKTOpPa
EJICKTPUYHOT TIoMepaja OWJI0 KOje CYIICTAaHIe, Ha MPOMEHJBUBO E€JICKTPUYIHO I10JhE,
nepuHUCaHO je (YHKIHMjOM [HEIeKTpUYHE MepMUTHBHOCTH ¢. OBa BeIMYMHA je€
onpeheHa MHTEPHOM NWHAMHUKOM MoJsekyna. [Ipomaranuja exekTpoMarHeTHUX Tajaca
onpehyje ce nomohy MakcBenoBux jeqHaunHa. JIMeNeKTpUYHN MaTepHjajl MpeacTaBiba
U30JIaTOP KOjU C€ MOXKE [OJIapU30BaTH IMOMONY eJNEeKTPUYHOr TOOYIHOT I0Jba.
Hocunouu HaenekTpucama ce momMepajy u3 IpoCedHOr PaBHOTEKHOT CTamba y3poKyjyhu
JTUENICKTPUYHY TOJIApU3alnjy pa3MemTajyhi MO3WTHBHE W HEraTWBHE HOCHOIE Y
CYIpOoTHUM cMmepoBuMa. OBaj mpoliec cTBapa MHTEPHO E€JIEKTPUYHO IMOJbE KOoje ciadu
croJpalikby nodyay. JOHCKa, OpHjeHTAlOHA, aTOMCKa, €JNEeKTPOHCKAa M IPOCTOpHA
noJjlapu3anyja MpeacTaBibajy HEKEe O] MEéXaHHu3aMa KOju ce MOry nocmartpatu. Caku
MEXaHHM3aM UMa CBOjYy KapaKTEepUCTUUYHY aMIUTUTYy U (PpPEKBEHIU]Y HA KOjO] TOCTHXKE
MaKCUMYM, JeIMHCTBEHY 3a cBaku Matepujai. Ca nosehamem ¢pekBeHLrje, camo Op3u
MEXaHU3MU JOMPHHOCE MepMUTUBHOCTH. OBakBa OCOOMHA TPEICTaB/ba jSAMHCTBEHY
KapaKTepUCTUKY CBAaKOI MaTepujaja W MpoydyaBame OBOI ()EHOMEHa IpPEeJCTaBIba
JTUENeKTpUYHy crekTpockonujy. OBo ymyhyje Ha wuaeHTH(UKALM]y CYIICTaHIE

MCPCHEM OBOT IMapaMeTpa U Hopebe}LeM ca pe(l)eHTHI/IM nmogarguma.

[loy3nana Mepema IUEIECKTPUYHUX OCOOMHA Haja3e MPUMEHY Y MHOTHM
arukanjama.  JluenmektpuuHe ocoOMHE MOTY OWTH yTBpheHe KopuihemeM
€JIEKTPOMArHeTHUX Tajaca. Y OCHOBH IIOCTOj€ JIBa MPHUCTyNa MEPEHhY AUCICKTPUIHIX

ocobMHa: MeToAe ca YNoTpeOOM HHCKMX W BHUCOKHX (peKBeHIMja MOOYIHUX



€JIEKTPUYHUX M0Jba. MeTo/ie KOoje KOpUCTE HUCKE (PPEKBEHIIM]je MOTY OMTH CIIPOBE/ICHE
y (DpEKBEHTHOM WM BPEMEHCKOM JIOMEHY. TeXHHKE MEpEeHma Yy BPEMEHCKOM JIOMEHY
KOPHCTE BOJTAMETPHU]JCKE, TaIBAaHOMETPHJCKE, U MOCTHE METOJE. Y OBOM MPHUCTYITY
KOPHCH C€ CTel MpOMEeHa MOOYAHOT EJIEKTPUYHOT T0Jba M BPEMEHCKH 3aBHCHA
IueneKkTpuyHa (QyHKIMja MOXe OUTH mocMaTpaHa y BPEMEHCKOM JOMeHy. TexHHKe
Mepema Ha BUCOKUM (DpeKBeHIIMjaMa ce Jeie Ha pe30HaHTHE U Hepe30HAHTHE TEXHUKE
O]l KOjUX Cy IOjeluHE MOTOAHHU]je 3a M30J]aTope, JOK Cy Heke 0oJbe 3a MpUMEHY Ha
y3opunMa ca Behum ryoutnnma. Behrnna cBux TexHHKa je MPUMEHJbHMBA U HA YBPCTE U
Te4yHe y3opke. [luenekTpuyHe ocoOWHE TEYHUX y30paKa MMajy BEIUKH MOTCHIMjall 3a
NPUMEHY Yy WHAYCTPHjH, MEIULIMHN W 3aIITUTH XUBOTHE cpeauHe. [ eHepamHo m3bop
METOZ€ MOpa pa3MaTpaTd OYEKHWBaHy IMEPMHUTHUBHOCT, TAa4HOCT, OCOOHMHE Y30pKa,

KOJIMYMHY Y30pKa Kao JeCTPYKTUBHOCT.

JluenexTpoMeTprja NpeACTaBjba BeOMa BakKaH METOJ 3a KapaTepu3alujy
matepujana. OBaj NPHUCTYHD KOPUCTH MEpEHE KalalMTUBHOCTH 3a Jo0ujame
TUENEKTPUIHNX 0coOMHa y30pKa. [lomTo ce mpomeHe oBUX 0COOMHA MOTY TIOBE3aTH ca
OpoMEeHOM  (M3MYKHX, XEMHUJCKHX WM CTPYKTYpHHX TpOMEHa MaTepujana,
TUETICKTPOMETPH]ja Jaje 100pe pe3yJiTaTe MpU HEJASCTPYKTUBHO] €BaTyalliji BUTATHUX

napaMmerapa y HUHAYCTPHU]CKUM U HAYYHHUM arljIuKalrjama.

Behuna censopa xkopumtheHa y JUENEKTPOMETpUJM Cy 1O HPUPOIHU
KarnmauuTuBHU. KanmanuTBHM  CEH30pM HKMajy MpPEeAHOCT 300r TauyHOCTH U
HEWHBA3MBHOCTU. HajmpocTuju mpumep OBAaKBOT CEH30pa j€ IMI0YaCTH KOHIACH3aTOpP
JIOK TIOCTOje ¥ KOMIUIMKOBaHHje TreoMeTpuje. MHTepaururaita JuenreKTpoMeTpuja ce
KOPHCTH 32 MEpeHme UEICKTPUYHUX OCOOMHAa Marepujaia KopuirhemeM

HHTCPAUTUTAJIHOT KOHZACH3AaTOPa KAa0 KallallTUTUBHOI' CCH30pAa.

NHTEepAUruTaIHM ~ KOHAEH3aTOp  NIPEACTaB/ba  MEPUOJUYHY, IUIAHAPHY,
YenubacTy CTpykTypy. [lepuoaudyHocT ce kopucTu 3a noBehamwe KanmauTUBHOCTH OBHX
CEH30pa Ha payyH EJCKTPUYHOT TMOJha KOj€ MPOIUPE Y Y30pakK. Y 3aBUCHOCTH O]

KOH(UTrypaluje eIeKTpoaa eJICKTPUYHO TO0Jbe MOXKe MpoAUupaTH QyOJbe y y30pak U



TMMe moBehaBaTW KamalWTHBHOCT. THIHMYaH WHTEPAMTUTAIHM KOHE3arop je
HANpaBJbCH OJf WHEPHTHOT CYNCTpPaTa Ha KOjU Ce HAHOCH 4YelbacTa CTPYKTypa
enektpona (Cnmka 1). Hajbosba 0ocoOMHA OBHX CEH30pa je jeAHOCTPAHH MPHUCTYII
y30pKy. EneKTprYHO, MarHeTHO WM aKyyCTHYHO IM0JbE je MOTyhe IPUMEHUTH Ca jeIHe
CTpaHe y30pKa, OcTaBJbajyhu Ipyry cTpaHy OTBOPEHY 3a YTHIIA] OKOJHMHE, ariCOPIIIUjY

raca, Bllare Win XeMUKalija Koje Memajy 0COOMHE y30pKa.

| jeounuyHa
| henuja

ol - \ &

a) b)

Cnuxa 1: IDC: a)nnanapna cmpykmypa, b) nonpeunu npecex (I —oyowcuna npcmujy, h —
sucuna Kopuuthernoe cyncmpama, t — 0eb/bUHA NPOBOOHO2 Mamepujana Kopuuhenoe 3a
efeKkmpooe, ey — NePMUMUBHOCH CYOCMpama, €, — NePMUMUBHOC Y30pKda, & —
pe3mak usmehy enekmpooa, w — wupurna erexkmpooa, Cy— kanayumuernocm yzopxa, Cy

— KanayumeHocm cyncmpama,)

WHTepAUTUTaTHE XEMH]CKU CEH30PH KOPUCTE XEMH]jCKH OCETJBHUBE CII0jeBE UHja
MPOBOJHCT ¥ IEPMUTHBHOCT 3aBUCH O] YIOTPEOJFEHOT y30pKa U Ha Taj HAYWH MEHajy
KaImaluTBHOCT ceH3opa. [IpomeHOM moBpmMHE ceH30pa, Opoja MPCTHjy W pa3Maka
u3mel)y enekTposa, CHara n3aa3HoT CUTHAJIA CE MOKE KOHTPOJIUCATH TpeMa 3aXTeBUMa

aruTMKaIyje.

WMHTepIuruTamHu CeH30pU Cy IpeaIMeT UCTPaKUBamba BEIUKOI Opoja HaydYHHUKa
U Haja3e CBOjy NMPUMEHY y pa3HMM O0JIacTHMa jep Cy NPHUCTYyNayHH, J€THOCTAaBHU 3a
u3paay M UHTErpalujy y3 pa3He KOMIIOHEHTE M MHTEp(EejCHY eIEeKTpOHUKY. Bemuky

MaHy OBUX CEH30pa IpEJICTaB/ba HENOCTOjalke aHATUTUYKHX jeJHaunHa Koje Ou ce



KOpUCTHJIE 3a MpenBubame eneKTpUuyHor oja3uBa. KopucHy meroay 3a paudyHame
KalalUTHBHOCTH UHTEPAUTHTATHUX CTYPKTypa MPeICcTaB/ba KOH(YOPMATHO MalUupame
KOje Jaje jeqHaunHe Oa3upaHe Ha TEeOMETpUju U (U3HYKHM KapaKTepUCTHKaMa
censopa. [TocToje pa3sHu Mozenn MPUMEHIJBUBH 3a pa3He KOH(PUTYpaldje U TeOMETPH]je
CEeH30pa, JI0K je y 0BOj Te3u uckopuiinheH Mojaen koju je passuo Igreja y [87] u [88].
Jlat je mpernen u HauuH H3Bohema jenqHaunHa. J[aT je mpuKa3 TEOPUjCKUX padyHarmba

KalTallUTUBHOCTH KOHJACH3aTOPa Y 3aBUCHOCTH O ITPOMCHC O,Z[pebeHI/IX mapamMeTapa.

KamauutuBHu ceH3opu mory Outu u3palleHHM y WHBAa3MBHO] MU HEMHBA3WBHO]
koH(urypanuju. uBasuBHa KoHGUTYypanmja MoapazyMeBa AUPEKTaH KOHTAKT u3Mehy
METAJIHUX €JEKTPOJa U y30pKa JOK Y HEMHBA3MBHOM CJIy4ajy KOHTAKT u3Mmely y3opka
y eleKTpoJa He mocToju Beh ce onBHja MPEKO CTaKIEHUX U IMOJUMPOMUICHCKUX
nocyzaa. ¥ OBOj Te3u Cy UCHUTaHe 00e KOoH(puUrypanuje y npouecy uieHTHPHUKauuje
TEYHUX Yy3opaka. Ha OCHOBy pe3ynTara pauyHama W pa3MaTpama KapaTepUCTHKA

nocynaa, I[I/ISajHI/IpaHI/I CY Pa3/IMYUTH KallaIUTBHU CCH30paU.

3a WHBa3WBHY KOH(UTYypalHjy Au3ajHUpaHa Ccy aBa ceHzopa Ha FR-4 mmouwm.
Jemna ctpykrypa je uspahena ca 8 mpcTujy, Ay)KHHOM TpcTa O 37MM, IMHUPHHOM
npcta ox 0.7mm wu pasmakom Mmehy mpcrmma ox 0.5m. Jlpyroj cTpykTypu je
IpoOMEmEHa JIy)XKMHAa NpcTHjy Ha 9.5mm u Opoj mpctujy Ha 16, 10K cy ocranu

mapamMeTpu OCTAJIN UCTH.

3a HEeWHBa3WBHY KOHQUTYpallWjy CIpPOBEIEHO je pa3Marpame y CKIaay ca
nocyaama koju he OuTm kKopumheHM 3a TakoBame y30paka. Y3umajyhu y o03up
reoOMeTpHjy mocyna, cTpykrypa Ha FR-2 mnoun je m3pahena ca 7 mpctujy, Ty>KHHOM

npetyjy ox 37.5mm, mupuHOM NpcTrjy o4 4mm u pazmaxom ox 0.5mm.

Y ToKy wu3Bohemwa ekcrnepuMmeHTaTa NpuMeheHO je Ja y30pHu Koju Op30
ucrnapanajy (O€H3€eH, alleTOH U €TaHOJI) MEHha]y OCOOMHE aKo MPOLIEC MEpema MOTpaje.
Jla 6u ce oBo m30erno kopuiheHW Cy MOJIUIPONMICHCKH IINPUIEBUA 32 MAaKOBAHE

y3opaka. dnexkcubuiiHa manupHa CTPYKTypa je u3paljeHa mpema reoMeTpHjH IIIpHIa



ca 7 mpcTHjy, AYKUHOM TIpcTa o1 28 MM, MUPUHOM TIpcTa o1 3MM U pazmakom mehy

npcTUMa o1 2mm.

Kao ocnoBa cucrema ymorpebsbeH je mukpokontposep dsPIC30f4013 koju
Mpe/ICTaB/ba MHTETPAIU]y CEHTpaJIHE MPOIECOPCKE JEeAUHUIIE, MEMOPH]E, iepudepuja u

HC 3aXTCBAa KOMIUIMKOBAH XapJBCp 3a peanmaunjy KOMILJICTHOI' CUCTCMaA.

Pasmarpane cy merone Mepema KamallMTUBHOCTH IMOTOJIHE 3a yMmoTpedy y3
MHUKpOKOHTpoJiep. Heke ox Moryhux meroma cy mHpeHOC HaeleKTpUcama, MEpeme
BpeMEHCKe KoHcTaHTe ,,RC“ Kkoma kKao W ymorpeda perakcarioOHOT OCIHJIATOPA.
YTBpheno je ga ce 3a Maie MPOMEHE KamallMTHBHOCTH KOPUCTH KOHBEPTOBAME
KaIMalUTUBHOCTH y ()PEKBEHIIN]Y TOIITO Maje MPOMEHE Y3POKY]y pElIaTHBHO BEIHKE
nomepaje y ¢pekBeHIUju. AHamuzupaHo je TajMep kojo TLCS555 y acrabuimHOM
peXHUMY paZa M JaTa je jelHaurHa 3a u3padyHaBambe (PEKBEHIIHjE Y 3aBHCHOCTU OJ
KamauTUBHOCTH. Takohe cy pa3zMoTpeHe AMPEKTHE M MHIUPEKTHE TEXHUKE MEpema
dbpekBeHIMje, 1 YTBphEHO je /1a je AMpeKTHa METoJa MOoro/inja 3a MPUMEHY, MOIITO Cy
ouekuBane mpomene y KHz oncery u MukpokoHTposiep je y MOryhHOCTH AUPEKTHOT

Opojama nMITyJIca ca TajMepa, IITO 3HaTHO ymnponihaBa U yOp3aBa mpoliec Mepema.

Ha ocHOBY OBHX pa3marpama UMIJIEMEHTOpaHa Cy M UCIIMTaHa JiBa CUCTEMA 3a
Iperno3HaBambe TEYHUX y3o0paka. [IpBM mpHCTyn KOPUCTH CEH30PCKY CTPYKTYpy Ha
crangapaHoj FR-4 PCB mnmoun u wHBa3suBHY KOHQHrypamujy cenzopa. Ilpomena
KaIlaluTUBHOCTH OBE CTPYKTYpE 3aBUCH OJ1 IPOMEHE NEPMUTUBHOCTH MEAMjyMa U3HA]
IDC enexrtpoma, ocmukaBayhu ocobuwne ymorpebsbeHe TedHocTH. Kopumrhemem
MUKPOKOHTpOJIEpa U TajMep Koja, WHpOopMalrja 0 BPCTH TEYHOCTH C€ NpHKa3yje Ha
muctuiejy ca 2x 16 xapakrtepa u npeko RS232 xonekmuje Ha padyHap. HampaBimeHu
IPOTOTHUII j€ TECTUPAH Ha ceAaM TEYHOCTH (OeH3eH, (eHOI, alleTOH, €TaHOJ, METaHOII,
dopManiexua U JIECTUIOBAaHA BOJA) U HEYTPAJIHO CTalke Kajla je MPUCYTaH CaMo
Ba3nyx. Pa3maTpan je yTulla] pe3UCTUBHOI Jejla KamallUTUBHOCTM Ha pe3yirare
Mepema U yTBpheHa OKOJHOCT Kaja Ce Taj yTHIA] MOXKE CMaTpaTH 3aHEeMapJbHUBUM.

[Tpukasan je mocTynak Mepema KarnaluTBHOCTH y30paka u kanubpanuje. Takohe, natu



Cy pe3ysTaTH Mperno3HaBama cefaMm y3opaka (Ciwka 2). VIHBa3WBHU MPHCTYN BeoMma
no0po pasnuKyje ceaaM TEYHOCTH y3 MOTYNHOCT JojaBama jOII TEYHOCTH 32
npero3HaBame. Y OBOM CKCIEPUMEHTY MPEANOCTABIbEHO j€ J1a CYy Y30pIHU YUCTH U J1a
j€ OCTBapeH YCIJIOB 3a 3aHEMapUBAKE PE3UCTUBHOT Jielia KarmanuTHBHOCTH. [Ipumeheno

je na ce, y OBOM cilydajy, 00Jba pe3osiylifja U Ta4HOCT MOCTHIKE 32 Y30pIHUMa HIDKUX

IIEPMUTHUBHOCTH.
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Cnuxa 2: Ilopeherve usmepenux KanayumueHoCmu ca U3pa4yHamum KOX UHEA3UBHUX

Meperba

Kako Heke TeyHOCTHM ucnapaBajy M Mory OWUTH omacHe 300r MoryhHocTH
TpOBama, IMJb HCHMHBA3HMBHOI MPHCTYIA IPEMO3HABAKY Yy30paka j¢ HCIUTHBAC
MOTYhHOCTH TIpemo3HaBamke y30paka MakoBaHUX y oxapeheHe mocyxae. Excnepumentn
cy ce mokazamm obechaBajyhm y 1u3ajHupamy TPEHOCHBUX W MPUCTYHMAYHHX
CEH30pCcKHUX ypehaja 3a TepeHCKy ynoTpeOy rie je moTpeOHO pa3IuKOBaTH MambH Opoj

IMaKOBAHUX Yy30paKa.
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Cnuxa 3. HUzmepena gppexsenyuja 3a PPC u GL kopuwhernem uscmoe |DC ko0

HEUHBA3UBHUX MeEpPErba

Jpyru mpucTyn HCTpakyje MOTYNHOCT HEHMHBA3WBHOT TPEMO3HABAKa TEYHHX
y30paka MakoBaHHX y CTakJieHe M mojumponuieHcke cripemuuke. IDC ctpykrype cy
IU3ajHUpaHe kao uBpcre (u3paheHe KkopuimhewmeM cTaHgapIHE NpoUeaype 3a
¢dabpukanujy FR-2 PCB-a) u ¢nexcubunne (mamupre) cTpykType. TecTupame je
00aBJbEHO Ha Yy30opuMMa OCH3€Ha, MACIMHOBOI YyJba, alKOXOJla, METaHOoIa,
npounimheHe Bome W (Gopmanaexuna. Mcnuranma je 3ampeMuHa y30pKa W YTHIA]
nocyaa. Madopmarmja o y30pKy je mocTynmHa Ha AucIiiejy ca 2 x 16 kapakrepa 1 mpeKo
RS232 konekuuje Ha pauyHapy. Ilpukasan je mocTymak Mepema KamaluTBHOCTU U
KajuOpalyje 3a cTakJIeHe U MOIUIPONHIIeHCKE Tocy e y3 kKopuithewe PCB cenzopcke
cTpykrype (Cnuka 3) U IpUKa3aH je pe3yiTar Tecta npeno3HaBama (Cnuka 4). Taxobe,

MOCTYNaK je CIPOBEAEH M Ha IOJMUIPIOMWICHCKAM UINPHUIEBUMA Y3 KOpHIIheme
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nanupHe (IeKCcHOUIHEe CEeH30pCKe CTpyKType. Jlatm cy pesynTatu mpeno3HaBama

y30paka 3a 00e CeH30pCKe CTYPKTYpe U CBE KOpHUIIheHe ToCcy/Ie.

[ToceOHa maxkma je mocBehena yzopimma koju 0p30 ucmnapanajy. Y Ty CBPXy Cy
UCKOpHUIINEHH TMOJIUMPONUICHCKN INMPUIEBH U (prekcuOmiIHa TManMpHa CEH30pCKa
CTpykTypa. HemHBa3uBHA ceH30pcKa KOH(UTYypalija moapasyMeBa /1a ce MHTEpaKIrja
u3Mely enexTpoja M y30pKa O/BHja MPEKO MOCyZAe, TaKo Ja He MOocToju omreheme
CJIGKTPO/Ia a HCIapaBame y30paka. Pe3ucTuBHAa KOMITIOHEHTa ce MOxe O0e30eIHO

3anemaputu (Ciuka 5).
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Cnuxa 4: Pezynmam mecma uspcmoe |DC ko0 neunsazuenux meperna

[Topen oBuX mpemHOCTH, MOTpedaH je moxaraH ompe3. KoHTakTHa MOBpIIMHA
u3mely PCB ceH3opcke cTpyKType | oja mocyjie, Mopa OUTH JOBOJHHO TJIaTKa Ja Ou

ce mocTuriu Hajoospu pesynrtatu. Takole, yTBpheHO je Ja CTakieHe MOocylne UMajy
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nebsbe moJIore 300T crpevyaBama nyrama 1 omrehema. OBa nogarHa ae0/bUHA yTHYC

Ha NPOJUpame eJIeKTPUYHOT 110Jba U 300T TOra Ce OCETJbUBOCT CMamyje.

[TanupHa ceH30pcka CTpPyKTypa ce IOKa3ala IOTOJAHHJOM 3a IPUMEHY Ha
3UI0BUMA TOCYyJla, KOJU Cy TEHEpallHO TamHM W YyjeAHAueHHUje CTypKType. Bemmku
HE/JIOCTaTaKk OBAaKBOI cHCTeMa je moTpeda 3a y3UMameM Yy30paka y MpPEeTXOIHO
nepuHUCaHe MOCyAe M TayHO oapelene 3ampemuHe. TauHO MO3HIMOHHpAE MOCYAA

koz uBpctor IDC je Takolhe BaxkHO TUTamE.

545 : ; : . .
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Cnuka 5: Pesynmam paoa nanupnoe |DC ko0 Heuneazusnux mepersa

HecurypHocT cucrema y Tpeno3HaBamy je HCIHTaHA W EKCIIEPUMEHTATHU
pe3ysTatu MokKasyjy Ja je OBakaB CHCTEM Y JIOBOJbHO] MEpH CIOCOOaH Ja pas3iuKyje
TEYHE Y30pKE JACTeKTyjyhu pas3iuke y HUXOBO] TMEPMUTHBHOCTU. HewHBa3uBHU
OPUCTYN MpPEACTaB/ba KOPUCTAH ajaT 3a aHAIU3Y IUEIEKTPUYHUX OCOOMHA TEYHHMX

y30paka 1 3aJ10BoJbaBajyhe nepdopmance y pacrozHaBamy Mallor Opoja y3opaka.
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[TorpebHa cy pa/ba mpoydaBama M CKCIIEPUMEHTH Ja OM Ce IOCTHUIIIa
ONTHMAJIHUja pEe30JdylMja M TPOIECHE CIOCOOHOCTH Yy pEaTHUM OKOJHOCTHUMA.
[Ipemmaxke ce MmoOOJBIIAELE TEOMETPH]E CEH30PCKE CTPYKTYype, TpaHchOopMaIyjom
ceHzopckor ememenra y ,LC tag“ 3a ymorpeOy y OCKHYHMM aruiMKaiyjama.
VHBa3WBHU TPUCTYI IMPENO3HABaMka TEUYHOCTH IOJpa3yMeBa Ja Cy Y30pIU YHCTH.
[TomTo pe3ucTHBHA KOMIIOHGHTAa MOXE IIOCTATH 3HA4YajHA aKo C€ TEYHOCTHU
KOHTaMHUHUPAjy MPOBOJIHUM HEUHMCTOhaMa mpejyiaxe ce Mo00JbIaBame y MPaBILy Jajbe

MMYyHH3AIMj€ Ha OBE apa3uTHE e(exTe.

[Ipennaxxke ce moOobIIakE HEMHBA3WBHOT MPHUCTYNA J0JAaBAHEM ayTOMATCKOT
Npero3HaBama BPCTE TMOCyAe Kao H ojapehuBame 3anmpeMuHe y3opka. [lame
UCTPaXXKUBabe Ha (PIIEKCUOMIHUM CEH30PCKUM CTPYKTypama je MOKEJbHO 3a MPUMEHY
OBaKBUX cHCTeMa Ha IeBoBoauMa. Jlogartak nomatHux unHTepdejca kao mro je GSM

MOJIEM MOKEC CC NICKOPHUCTUTHU 3a aJlapMUPABLE aKO C€ KOPUCTEC OITaCHE CYIICTAHIIC.

Cucrem je moryhe moauukoBatu 3a noTpedy y 3allTUTH KUBOTHE CPEIUHE Y
npahemy kBanmuTeTa Boje. CTpaHe CylNCTaHIIe CTBapajy MemaBuHe Kaa ce Hal)y y Boau
Y Ha Ta] HAYMH MEHba]y HBEeHY MepMUTHBHOCT. OBa MPOMEHA C€ MOKE MCKOPUCTHTH Kao
paHO ymo3opeme Ha 3araljeme a JoJaTak OCeT/bMBUX CII0jeBa HAa EIIEKTPOJIE
KOHJIeH3aTopa KOju OW pearoBajdu Ha ojpeheHe cyncrtanne omoryhuo Ou
NpErno3HaBambe U KOje Cy CYICTaHLEe NpucyTHe y MemaBuHH. [lpemnaxy ce nasba
UCTpaXKMBamwa Ja OU ce yTBpAWJIE CYICTaHLE KOje MMajy HOTOJHY NMEPMUTUBHOCT U
Takole je mMoTpeOHO UCIMTATH HajMamke KOHIIETpalrje Koje Ou ce Ha OBaj HAUWH MOTJIe

JCTCKTOBATU.
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Development and application of methods and instrumentation in every
substance analysis has its goal in obtaining useful information about the sample
observed. Analytical methods are often divided into classical and instrumental.
Classical methods consist of preparation methods for sample purification and
qualitative analysis of physical properties since reliable analysis can be conducted only
on pure samples. In quantitative analysis measurements of volume and mass are

conducted.

Instrumental methods use instrumentation in the process of physical properties
measurement with the help of numerous purification methods. As a general rule for
selecting a suitable approach in sample analysis, it is necessary to determine whether a
sample is an element or a compound. If it’s an element, suitable atomic spectroscopy
can be used. Is it’s a compound it is necessary to determine if the compound is pure or

a mixture.

The possibility to measure materials properties is very important for a large

number of applications. The possibility to non-destructively monitor physical or
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chemical changes finds its application in industry, medicine and science. Pure
substance can be recognized by comparison if its properties to reference standards.
Mass and volume depend on sample amount and they are not suitable for recognition.
Color, density, freezing and boiling point, solubility and refractive index, represent
unique characteristics of each substance and determination of these parameters makes it

possible to id the unknown sample.

For low number of samples, it is common to use classical laboratory methods.
Physical properties of pure substances are always described in literature available in
labs and science libraries. Comparing of examined properties with these standards

makes it possible to assume the identification.

As previously described, for sample identification, it is necessary to determine a
certain number of properties in order to classify the sample. This process can be time
consuming or inappropriate, if it is necessary to conduct it outside of a lab or a sample
Is toxic and represents danger for the operator. Experimental science uses knowledge of
multiple science areas and relies on various phenomena in order to develop

instrumentation to simplify this process and make it safe for the operator.

Instrumental methods dominate in most areas of science and technology.
Compared to classical methods, they give speed, sensitivity and automatic work. In all
areas, important decisions, problem solutions and advances are based on instrumental
methods. Modern instrumentation assures a routine analysis and identification of
unknown substances. Spectroscopy, mass spectrometry, electrochemical and thermal
analysis as well as various hybrid techniques as a combination of previous methods,
represent some of the frequently used instrumental approaches. The major problems
with instruments used in these methods are high price, the necessity of lab working
conditions, time an price for maintenance and calibration. Because of all this,
instrumentation methods are mostly used for analysis of large number of similar

samples, making this process affordable and fast.
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Chemical and biological sensor miniaturization attracts attention in medical
diagnostics, environmental monitoring, and pharmaceuticals as well as in military

applications.

Interesting area of scientific development represents a dielectric properties
measurement providing the information about the conductivity and permittivity of a
sample. From the point of view of electromagnetic theory, the electric displacement
field response of any substance to a rapidly varying electrical field is defined by a
complex dielectric permittivity function e. This property is determined by the internal
dynamics of the molecules. Propagation of electromagnetic waves can be determined
by using Maxwell’s equations. Dielectric material represents an insulator that can be
polarized with the use of the electric excitation field. Charge carriers are shifted from
their equilibrium states, causing dielectric polarization and carrier movement in
opposite directions. This process creates internal electric field that weakens the external
field. lonic, orientation, atomic, electronic and space charge polarizations represent
some of the observable mechanisms. Each mechanism has its own characteristic
magnitude and “cut off” frequency reaching its peak, unique for every material. With
the frequency rise, only the fast mechanisms contribute to permittivity. This behavior
represents a unique characteristic of every material and analysis of this phenomenon
represents dielectric spectroscopy. This implies the substance identification by

measuring this parameter and its comparison with reference data.

Reliable measurements of dielectric properties find their usage in many
applications. Dielectric properties can be determined using electromagnetic waves.
Basically, there are two common approaches to dielectric properties measurement:
methods using low and high frequencies of excitation fields. Methods using low
frequencies can be conducted in frequency or in time domain. Measurement techniques
used in time domain, apply voltammetric, galvanometric and bridge methods. This
approach uses step change of an excitation signal and time dependent dielectric
function can be observed in time domain. Measurement techniques on high frequencies

are divided into resonant and non-resonant techniques with some of them more suitable
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for insulators and others for lossy materials. Most of these techniques are applicable on
both solid and liquid samples. Dielectric properties of liquid samples find their
potential in industry, medicine and environmental monitoring. In general, suitable
method must consider expected permittivity, accuracy, sample properties, sample

amount as well as destructivity.

Dielectrometry represents very important method for material characterization.
This approach uses capacitance measurement for dielectric properties obtaining. Since
this can be linked to changes in physical, chemical or structural changes of a material,
dielectrometry gives good results in non-destructive vital parameter analysis in

industrial as well as scientific applications.

Most of the sensors used in dielectromety are capacitive in nature. Capacitive
sensors have the advantage in accuracy and non-invasiveness. Simple example
represents parallel plate capacitor while more complicated geometries are possible.
Interdigital dielectrometry is used for dielectric properties measurement based on the

interdigital capacitor.

Interdigital capacitor represents periodic, planar, comb structure. Periodicity is
used for increasing the capacitance of these sensors at the expense of the amount of the
electrical field penetration the sample. Electric field can penetrate deeper into the
sample and increase the capacitance. Typical interdigital capacitor is made of an inert
substrate with a comb structure of electrodes (Figure 1). The best characteristic of these
sensors is in one-sided access. Electrical, magnetic or acoustic field is applicable from
one side of the sample leaving its other side open for environmental influence, gas,

humidity or chemical absorption that can change the samples properties.

Interdigital chemical sensors use chemically sensitive layers with changeable
conductivity and permittivity based on the properties of the used sample, changing
capacitance of the sensor. By changing the area of the sensor, finger number and space

between electrodes it is possible to control the strength of the exit signal used.
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Figure 1: IDC: a) planar structure, b) cross-sectional view (I — length of the fingers, h
— height of the substrate used, t — thickness of the conductive material forming
electrodes, e, — permittivity of substrate, ¢, — permittivity of MUT, g — electrode

spacing, w — electrode width, C, — MUT capacitance, Cy,, — substrate capacitance)

Interdigtal sensors are subject to research of many scientists and find their
application and numerous areas because they are simple and suitable for integration
with other components and interface electronics. Major disadvantage of these sensors
represents the absence of analytical equations suitable for electrical response
prediction. Useful method for interdigital capacitance calculation is conformal
mapping, providing the equations based on geometry and physical characteristics of a
sensor. There exist various models applicable for a number of applications, but in this
thesis a model developed by Igreja in [87] and [88] is used. Equations and calculations
are presented. Theoretical calculations of capacitance depending on parameter changes

are obtained.

Capacitive sensors can be made in invasive and non-invasive configuration.
Invasive configuration assumes direct contact between metal electrodes and samples,
while in the non-invasive case interaction between the sample and the electrodes takes

place over glass and polypropylene containers. In this thesis, both configurations have
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been examined. Based on theoretical calculation and considering container

characteristics, different sensors have been designed.

Invasive sensors were fabricated on FR-4 board. The 1% structure consists of 8
fingers, fingel length 37mm, finger width 0.7mm and finger gap 0.5mm. The 2™

structure changes finger length into 9.5mm and finger number into 16.

For non-invasive configuration container characteristics were considered. Solid
FR-2 sensor was fabricated with 7 fingers, finger length 37.5mm, finger width 4mm

and finger gap 0.5mm.

During experiments it was established that vaporizable samples (benzene,
acetone and ethanol) change their properties if the measurement process lasts. In order
to avoid this polypropylene syringes were used for sample packing. Flexible paper
structure was fabricated with 7 fingers, finger length 28mm, finger width 3mm and

finger gap 2mm.

As the system’s base a microcontroller dsPIC30f4013 was used, representing
integrated central processing unit, memory and peripherals with simple additional

hardware requirements for a complete systems development.

Capacitance measurement methods, suitable for microcontroller applications
were considered. Some of the possibilities were charge transfer, RC time constant
measurement and relaxation oscillator usage. Small changes in capacitance cause large
shifts in frequencies and capacitance to frequency conversion is applicable. Timer
TLC555 was analyzed and the equation for output frequency given. Also, direct and
reverse frequency measurement techniques were considered and it was established that
direct method is better since the expected changes are in kHz region. Microcontroller

can count the pulses directly thus making the process simple and fast.

Based on these considerations, two systems were implemented and examined.
First approach employs sensor’s structure fabricated on standard FR-4 PCB board. Its

capacitance change relies upon permittivity change of the medium above IDC
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electrodes, representing dielectric properties of the liquid used. Along with the
microcontroller and simple interface circuit, information about the type of the liquid is
presented on a 2x16 character display and through RS232 connection on PC.
Implemented unit was tested against seven liquids (benzene, phenol, acetone, ethanol,
methanol, formaldehyde and distillated water) and a steady state when unit only
detected air. Resistive part of the capacitance was considered and its affect to
measurement result as well as the case when this influence can be considered
negligible. Capacitance measurement and calibration is performed and performance
results presented (Figure 2). Invasive approach discriminates seven liquids with the
possibility to add more liquids for recognition. In this experiment it was assumed that
the liquids are pure and resistive part negligible. In this case better resolution was

achiever with low permittivity samples.
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Figure 2: Comparison of extracted capacitance against computed fit in invasive

approach

As some of the substances deteriorate and can be dangerous to handle due to

possibility of intoxication of the operator, the purpose of non-invasive approach was to
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investigate the possibility to recognize samples packed in predefined containers.
Experiments showed promising in building a portable and cost-effective sensing unit
for on-field application where it is necessary to discriminate between several packed

liquid samples.
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Figure 3: Frequency readings for PPC and GL using solid IDC in non-invasive

approach

In second approach we investigated the possibility to conduct a non-invasive
identification process of liquid samples packed in glass and polypropylene containers.
Interdigital capacitor (IDC) structures were designed as solid (build using standard
PCB fabrication procedure) and flexible (paper based) structure. Testing was
performed using benzene, olive oil, acetone, alcohol, methanol, purified water and
formaldehyde. Sample volume and container influence was examined. Information

about the sample is available on a 2x16 character and through RS232 connection on
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PC. Capacitance measurement and calibration for glass and polypropylene containers

and PCB sensor (Figure 3) and testing results are presented (Figure 4).

Fast vaporizable samples were specially considered. For that purpose
polypropylene syringes were used with flexible paper-based IDC. With no direct
contact between electrodes and liquid samples, there is no electrode deterioration issue,

vaporization and also reactive component of the sample is negligible (Figure 5).
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Figure 4: Solid IDC performance in non-invasive approach

Despite these advantages, special care must be taken. Contact surface between
PCB IDC and container floor must be smooth in order to achieve maximum
performance. Also, glass containers need thicker floors in order to prevent cracks and
damaging. This extra thickness affects on electric field penetration height and therefore

produces smaller sensitivity.
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Paper-based IDC showed promising in possibility to use this flexible structure
on container walls, which are thinner and uniform in structure. Major disadvantage of
the system is the necessity to take samples into previously determined types of
containers and sample volumes. Accurate container positioning is also very important

issue.
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Figure 5: Paper IDC performance in non-invasive approach

The overall uncertainty in sample discrimination with this system has been
studied. Experimental results confirm that this approach sufficiently discriminates
liquid samples using differences in their permittivity. The non-invasive approach offers
a useful tool to study the dielectric property of the liquid samples and a satisfactory

performance in discrimination between low numbers of liquids.

Further studies are needed to achieve better resolution and processing in the real

life conditions. Design can be improved in sensor geometry by transforming a sensing
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element into a single smart “LC tag” for wireless detection purposes. Invasive approach
to liquid discrimination assumes samples are pure. Since reactive component can
become significant if liquids contaminate with conductive impurities immunization is

necessary.

Non-invasive approach can improve by adding automatic container type
recognition, as well as volume determination. Further investigations of flexible IDC
structures are possible in order to make recognition process available also for pipe-
lined processes. Adding additional interfaces, like GMS modem could be useful for

alarming purposes when detecting dangerous substances.

System is open for modification in environmental and water quality monitoring.
Foreign compounds create mixtures with water thus affecting permittivity. This change
can be used as an early alert for hazards and contamination prevention right on the
source. Addition of species selective coatings can improve this system in determining
the presence of specific liquids in agueous mixtures. Further investigation is necessary
in order to determine substances which have suitable permittivity and also it is

necessary to examine the smallest concentration detectable in this way.
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1 INTRODUCTION

The objective of development and appliance of methods and instrumentation in
any substance analysis, represents obtaining useful information about the material
under test (MUT). Analysis includes characterization of the observed sample, as well
as an interpretation of the results obtained. Qualitative analysis gives an indication of
the identity of the sample’s components while qualitative analysis gives the
information about the components’ amount. Analytical methods are often divided into

two groups: classical and instrumental.

Classical (“wet”) methods involve various separation methods, such as
precipitation, extraction or distillation, as well as qualitative analysis of some physical
properties, such as color, odor and melting/boiling point. In quantitative analysis

measurements of weight or volume are performed.

Instrumental methods involve machines and instruments in the process of
measurement of physical properties such as light absorption, fluorescence or
conductivity. Prior separation is achieved using chromatography, electrophoresis or

field flow fractional methods.

A general guideline for selecting a suitable approach to the problem is to
determine if the MUT is an element or a compound. If it’s an element, suitable atomic
spectroscopy methods can be used. Compounds can either be pure or mixtures of two
or several pure substances. The separation of components in a mixture is usually

performed prior to analysis. Composition of a pure substance does not vary. Pure
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compounds can be obtained after a single or series of chemical reactions using a

purification process.

For example, chromatography collects a set of laboratory techniques in order to
separate components of mixture. The mixtures are often dissolved in a mobile phase
carrier (fluid or gas) and transported over a stationary phase structure. Different
components travel at different speed which causes separation. When used as a
preparative method it only serves for purification. Analytical chromatography
determines the relative proportions of compounds in a mixture [1]. Electrophoresis
observes the motion of dispersed particles relative to a fluid under the influence of
external electric field [2]. Field-flow fractionation represents a separation technique
where a filed is applied to a fluid suspension or solution pumped through a long and
narrow channel, perpendicular to the direction of flow in order to cause separation of
the particles based on their mobility under the external field force [3]. Generally,

external field is not necessarily electrical in nature.

The ability of material properties measurement became important in variety of
applications. The possibility to non-destructively monitor physical or chemical changes
in any material (solid or liquid), found its use in industry, medicine as well as science.
Purified product can be evaluated by comparing its physical properties with reference
standards. Extensive properties, such as mass and volume are very dependent on the
amount of sampled substance and are not used in identification process. Intensive
physical properties of a substance, such as color, density, freezing point, normal boiling
point, solubility and refractive index characterize it as a unique substance, and their

determination can often allow one to determine the identity of the unknown [4]-[6].

For low number of samples, it is found that classical "wet" laboratory methods
of analysis are most commonly used. For example, the solubility of a substance is
usually expressed as the mass of a sample that dissolves in a fixed amount of solvent at
a certain temperature. Sodium chloride is an ionic compound and is soluble in a polar

solvent. The density is defined as the mass per unit volume and substances with high
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densities such as lead or gold are recognized as “heavy in weight”, while others, such
as aluminum are “light”. The physical properties discussed above are almost always
reported in the literature when new substances are prepared, and are tabulated for
previously known substances in the various handbooks of chemical data found in most
laboratories and science libraries [7]. If the properties match, identification is assumed.

Other gross properties may also be helpful in more thorough identifications.

_ signal user
stimulus sample sensor processing interface

Fig. 1: Block diagram of instrumental method flow

As it can be seen, it is necessary to determine a certain number of properties in
order to classify a sample. This process can be time consuming or not suitable for on-
field work, as well as dangerous if dealing with toxic substances. Experimental science
employed knowledge of vast disciplinary areas and relies on many phenomena

providing results through the use of a variety of instruments.

Nowadays, instrumental methods dominate in the obtaining information in
diverse areas of science and technology (Fig. 1). When compared to classical methods
of analysis, these methods give speed, high sensitivity, low limits of detection,
simultaneous detection capabilities, and automated operation. In all sciences, important
decisions, problem solutions and advances in their fields are based on instrumental
measurements. As a consequence, all scientists need to posses a fundamental
understanding of instruments and their applications in order to accurately address their
needs. A modern, well-educated scientist solves problems with an analytical approach

and applies modern instrumentation.

Modern instrumental methods permit the routine analysis and identification of
unknown substances. Some of the instrumental approaches [8] are spectroscopy, mass

spectrometry, various electrochemical and thermal analyses, and also hybrid techniques
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representing combinations of the previous ones [9]. Because of the high cost of
precision instruments, laboratory working conditions and due to the cost and time
required for maintenance and calibration of such instruments, instrumental methods of
analysis are primarily used for repetitive determinations of large number of similar
samples, in which case the instrumental method is relatively fast and the cost per

analysis affordable.

New approaches tend to be examined and developed. Miniaturization of
chemical and biological sensors has received considerable attention in recent years for
medical diagnostics, environmental monitoring, pharmaceutical screening and military
applications [10]-[16].

The other interesting area of development is dielectric property measuring
system from which information such as conductivity and permittivity of MUT is
obtained. From the point of view of electromagnetic theory, the electric displacement
field response of any substance to a rapidly varying electrical field is defined by a
complex dielectric permittivity function ¢, which is determined by the internal
dynamics of the molecules [17]. Dielectric properties of agricultural and food materials
can be used for processing applications evaluation, such as heating and drying of
granules, meats, vegetables or fruits [18]-[22]. The ability to discriminate between
normal and malignant tissue developed many non-invasive techniques for early
detection of harmful changes in the human body [23]. In chemistry, dielectric
measurements are useful for the characterization of solvents and dielectric analysis of
pharmaceutical materials. Identification of liquids is of great importance in security,

biology, beverage and food industry as well as environmental monitoring applications.

Most of the sensors used in dielectrometry are capacitive in nature. Capacitive
sensors have the advantage of high measurement accuracy and non-invasiveness. The
simplest example of a capacitive sensor is a parallel-plate capacitor. More complicated

examples include fringing field sensors such as interdigital capacitors [24]-[29].
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The detection principle of conductivity and permittivity of MUT is based on
capacitive coupling the excitation signal produced by IDC (Inter-Digital Capacitor)
electrodes. Frequently used definition for IDC structures states that the interdigital
capacitor electrode is a digitlike or fingerlike periodic pattern of parallel in-plane
electrode. Periodicity is used to build up the capacitance associated with the electric
fields that penetrate into the MUT [30]. The IDC sensor operates in a way that is very
similar to a conventional parallel plate capacitor. Depending on the geometric
configuration of the electrodes the electric field lines can penetrate deeper with wider
electrode configuration. Therefore, the capacitance of the IDC sensor always depends
on the dielectric property of MUT and geometry of the electrodes. Typically, a
chemically sensitive layer is deposited on top of IDC electrodes in order to detect
various gases, chemicals, moisture, organic impurities, etc. When the sensitive layer
(usually a polymer) interacts with the chemicals present in the MUT, the layer changes
its conductivity (o), dielectric constant (¢), and the effective thickness (h) of the layer.
The IDC chemical sensor then detects the change in capacitance due to the change of
dielectric constant and the thickness of the layer. The IDC chemical sensors have been
investigated by many researchers because they are cheap to manufacture and can be
easily integrated with other sensing components and signal processing electronics.
These features can be used in order to build miniature, on-field system for simple
analysis of low number of unknown samples when high-cost and laboratory equipment

isn’t affordable.

The motivation for this research is development of a cost-effective sensor which
can be integrated in a low-cost, simple system with reasonably fast response and
accuracy, with low number and limited amount of sample, suitable for on-filed

analysis. This thesis aims to achieve the following objectives:

- design and fabrication of the planar electromagnetic sensor based on the

interdigital element for the application of liquid discrimination,

- characterization of the sensor and the interface readout circuit,
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- development of a low-cost microcontroller based system for liquid

recognition.

Chapter 2 describes dielectric properties of a substance and its influences on

applied electric field. Basic principles of permittivity measurement are also presented.

Chapter 3 is dedicated to capacitance and dielectrics. Introduction to planar
capacitor configuration (interdigital capacitor) has been made and close form equations
for capacitance computation provided. Unlike the conventional chemical sensors, IDC
used in this thesis was developed as a bare structure, without sensitive coatings. The
system has been intended for invasive application, where a direct contact between
electrodes and an aqueous sample is expected, as well as for non-invasive application

with liquids packed in predefined containers insensitive to samples.

Chapter 4 introduces the basics of liquid discrimination system. Interdigital
dielectrometry and description of capacitance measurement principles are given.

Suitable approach for microcontroller based application has been explored.

Chapter 5 gives calibration and performance results of invasive approach to
liquid discrimination. In this approach a direct contact between solid IDC structures
and liquid samples was used. Two configurations were fabricated in order to explore

the best performance results.

Chapter 6 introduces non-invasive approach to liquid discrimination. Solid and
flexible IDC structures were examined with samples packed into predetermined
containers. For solid IDC case, polypropylene and glass cups were used. With flexible
IDC configuration a polypropylene syringe was used. Measuring and performance

results were obtained and presented.

Chapter 7 gives summary of the thesis work as well as conclusions and

possibilities for future development.

Reference section gives a literature list consulted.
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2 DIELECTRIC PROPERTIES OF A
SUBSTANCE

2.1 Introduction

Propagation of electromagnetic (EM) waves in radio frequency (RF) and
microwave systems is described mathematically by Maxwell’s equations with
corresponding boundary conditions. Dielectric properties of lossless and lossy
materials influence EM field distribution. For telecommunication and radar devices,
variations of complex dielectric permittivity (referring to the dielectric property) over a
wide frequency range are important. For a better understanding of the physical
processes associated with various RF and microwave devices, it is necessary to know

the dielectric properties of media that interact with EM waves.

Every material has its own dielectric properties. A dielectric material is an
electrical insulator that can be polarized by an excitation electric field. Charge carriers
shift from their average equilibrium positions causing dielectric polarization thus
displacing positive and negative charges in the opposite directions. This process
induces an internal electric field to attenuate the external excitation [31]. Several
mechanisms can be observed, such as orientation (dipolar) polarization, electronic and
atomic polarization as well as space charge polarization. These polarization effects

contribute to material’s overall permittivity (Graph 1).
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Graph 1: Frequency response of dielectric material [59]

Dipole orientation and ionic conduction interact strongly at microwave
frequency. lonic conduction is caused by migration of free ions and mainly contributes
to loss in a material. Dipole moment is created by an imbalance in charge distribution.
This moment is affected by an external electric field that causes dipole to rotate in
order to align with it. The friction caused by dipole rotation contributes to dielectric
losses.

Atomic and electronic mechanisms are relatively weak, and usually constant.
Electronic polarization occurs in neutral atoms when an external electric filed displaces
the nucleus with respect to the electrons surrounding it. Atomic polarization occurs

when positive and negative ions “stretch”.

Each mechanism has its characteristic magnitude and ‘“cut-off frequency”
(usually in the microwave region) unique for different materials. With the rise in
frequency, the slow mechanisms become less important and only the faster one
contribute to dielectric constant. The loss factor peaks at each “cut-off” with attributes
unique for every material. Resonant effect usually follows electronic or atomic

polarization. Relaxation effect accompanies orientation polarization.
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This behavior is a unique characteristic for each material and its study
represents dielectric spectroscopy [32]. Therefore, a substance can be identified by
measuring this single parameter and results compared with reference data. In frequency
domain, complex permittivity ¢ is a quantity used to describe interaction of a medium
with an external dielectric field. This property represents the influence on reflection of
electromagnetic waves at interfaces and the attenuation of wave energy within

materials. Equation describing this process can be represented with:

D=¢E. )

As it can be seen, complex permittivity represents a relation between
displacement vectorDand electric fieldE. Electric field causes atomic/molecule

polarization P contributing as described by:

—

D=g,E+P=g,E+5,7, E=5,1+ 5, )E=¢,5 =¢E, 2)

where ¢, =8.85x107*F/m, and y, represents the electric susceptibility. In

complex notation permittivity can be represented as in:
‘c":gl_jg"! (3)

where ¢ represents dielectric constant and energy stored within a material,
and ¢’ is a measure of energy loss. In general, loss consists of two factors represented

by:

& =¢,+0/w, (4)

&4 is dielectric loss and o/ is conductivity loss. When o/ >>1, the material is

considered conductor (lossy material). Material is assumed dielectric when o/ <<1.
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Material with a single dominant mechanism can be modeled with the Debye
relation (Graph 2). Relaxation time 7 (a measure of molecule mobility), permittivity ¢
and frequency w are connected with Debye equation:

e-¢, l-jor

= ) (5)

- v 2.2
e —¢, l-jo'r

g ande represent relative permittivity in static and field with an infinite

frequency, respectively.
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Graph 2: Debye relaxation of water at 30°C [32]

Cole-Cole diagrams also serve to show the imaginary versus the real part of the

complex permittivity. A material characterized by the Debye relation appears as a
semicircle with its center ate, = 0and the peak of the loss at 7/z. Graph 3 is a half circle

with its center on the x-axis and its radius b

. The maximal loss represents the

radius of the circle. Effects discussed above occur when charges are locally bound in
atoms or molecules in liquid as well as solid structures. Interfacial polarization is

induced by the prevented migration of free charged carriers. Those charges become
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trapped at the material interfaces or they can’t be exchanged at the electrodes thus
causing the charge accumulation. The field distortion increases the overall capacitance

of a material which will manifestas arise ine, .

&y
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Graph 3: Cole-Cole diagram of Graph 2

2.2 Permittivity measurement

Properties of every material may be determined by standardized tests. Reliable
measurements of dielectric properties can provide valuable information for many
electronic applications. The loss of a cable insulator, substrate impedance, industrial
food, rubber, plastic and ceramics processing as well as density, moisture and
concentration, can be related to dielectric properties and used for application
improvement. Dielectric properties of materials can be determined with the use of

electromagnetic waves (radar/microwave) in the investigations of material and
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structural assessment. Basically, there are two different possibilities to perform a

dielectric permittivity measurement: low and high frequency methods.

When working with low frequency methods, measurements are conducted in
frequency (10 — 10° Hz) or in time domain (10° — 10® Hz). Time domain approach
uses step change of excitation electric field and time dependent dielectric function can
be observed. These techniques usually use voltametric, galvanometric, comparison and

zero-equilibrium bridge methods [34], [35].

High-frequency measuring techniques can be divided into resonant and non-
resonant. Resonant methods, such as reflection or transmission methods, characterize
the material at certain discreet frequency points. These methods suit best for low loss
samples [33]. High-frequency non-resonant methods, such as reflection method (10° —
10" Hz) and transmission/reflection method (108 — 10* Hz), measure permittivity over
a broad band of frequencies by measuring characteristic impedance and wave velocity
[36].

For example, coaxial probe method is often used for lossy materials at high
frequencies. Waveguide requires placement of a sample into the center of the enclosed
transmission line. Reflection and transmission coefficient are used. Free space method
IS non-contacting and non-destructive, used at high frequency. Resonant cavity method
is typically used for dielectric measurement of low loss material designed in either
transverse magnetic or transverse electric propagation modes. Planar transmission line
method is used in RF and microwave components. It requires placement of a dielectric
sample over quasi-TEM transmission line, depending on sample’s permittivity. The
parallel plate method requires placement of a sample within two parallel electrodes.
Measurements can be conducted using LCR meter or impedance analyzer along with a
dielectric fixture. General descriptions of those methods are provided in the literature
[37]-[43]. The measurement results for diverse dielectric media are compiled in the
literature [44], [45].
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The material characterization is an important issue in many material production,
processing, management applications in agriculture, food engineering, medical
treatments, and bioengineering. Many of these techniques are equally used for the
determination of the dielectric properties of solids as well as liquids. The determination
of the dielectric properties of liquids has high practical potential in many industrial,
medical, as well as environmental sectors. Liquids are easily manipulated to fit the
measurement holder. Also, samples can be shipped (without or with reduced changes in
the characteristics), measurements conducted and samples reused again in the process.
Generally, the choice of a method must consider the expected permittivity value,
required accuracy, material properties, sample size restrictions as well as

destructiveness of the sample.
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3 CAPACITANCE AND DIELECTRICS

A capacitor is a device which stores electric charge. Capacitors vary in shape
(cylindrical, parallel-plate, planar...) but the basic configuration consists of two

conductors carrying equal but opposite charges (Fig. 2).

Fig. 2: Basic capacitor configuration

Capacitors have many important roles in electronics, such as storing electric
potential energy, delaying voltage changes, filtering unwanted frequency signals,

forming resonant circuits, etc.

During the charging process, a charge Q is moved from one conductor to the
other one, giving one conductor a charge +Q and the other one -Q. A potential
difference AV is created. The simplest example of a capacitor consists of two
conducting plates of area A, which are parallel to each other and separated by a distance
d (Fig. 3). Real capacitors are finite in size, thus the electric field lines at the edge of
the plates are not straight lines. This effect is known as edge effect and the non-uniform
fields near the edge represent fringing field. In parallel plate case this field can be

negligible if the A>>d, which is often the case.
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Fig. 3: Parallel plate capacitor

Potential difference between the plates depends on the electric field and the
distance between the plates. Capacitance C in the equation (6) represents the influence

of geometry and material between plates on the external field:

AV:jde:E—E:% (6)

3.1 Interdigital capacitor

Historically, the reason for making an interdigital electrode structure is to
increase the effective capacitance as reported in design found in the patent of N. Tesla,
issued in 1891. [46]. In this example, each “finger” is a rectangular plate, immersed in
an insulating liquid. The total capacitance of the “electrical condenser” proposed by
Tesla increases approximately linearly with the number of plates. This principle is
sometimes used in modern capacitors as well. Theoretical expressions for calculation
of capacitance between coplanar strips appeared in the 1920s [47]. Extensive use of
interdigital electrodes for sensing applications started in the 1960s along with other
forms of coplanar electrode structures [48], [49]. Later, independent dielectrometry
studies with single and multiple [50]-[54] penetration depths using interdigital
electrodes have continued and found its application in communication, signal

processing, chemical sensing, non-destructive evaluation, and biomedical applications.
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The applications of these components include lumped elements for microwave
integrated circuits, thin-film acoustic-electronic transducers and comb electrodes
devices for dielectric characterization of polymers and ceramics materials and gas
sensing [55]-[58].

Typical interdigital capacitive sensors (IDC’s) are made of an “inert” substrate
over which comb electrodes are deposited. Several inherent advantages of the planar
interdigital geometry attract device designers. One of the most important ones,
especially for these transducers, is that only a single-side access to the test material is
required. One can penetrate the sample with electric, magnetic, or acoustic fields from
one side of the sample, leaving the other side open to the environment which can allow
absorption of gas, moisture, or chemicals, which can change electrical properties of the
MUT. Chemically or biologically sensitive layers covering the electrodes can also
interact with environment, allowing monitoring of concentration of chemicals in
variety of materials as air, transformer oil, or the human body. In some situations, the
other side of the material sample may be too far away or inaccessible due to design

limitations for an electrode so that one-sided access is essential.

By changing the area of the sensor, the number of fingers, and the spacing
between electrodes, the strength of the output signal can be controlled based on the
application requirements. In addition to sensing applications, fringing electric fields are

used increasingly to generate mechanical forces.

IDC-based sensors have been investigated by many researchers because they are
cheap to manufacture and can be easily integrated with other sensing components and
signal processing electronics. Properties of the IDCs have been studied by various
authors [59] and show high performance when being used as sensors involved with
many scientific applications requiring certain features and parameters that achieve the
goal of the application. Among other sensor technologies [60]-[65], IDC sensors are
well known to be combined with isotropic dielectric materials. Along with species-

selective coatings IDCs have been used in numerous applications [66], [67]. Capacitive
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changes are used as a factor for monitoring the environments and for measuring the
material properties [68]. IDCs are used for the evaluation of conductivity, permeability,
and permittivity of materials [69]-[71]; also they have been used for estimation of
properties of dielectric material for humidity and gas sensors, biosensor applications
and detection of dangerous toxins [72]-[79]. The applications of these sensors depend
on both the characteristic of the particular sensor and on the characteristic of the

material under test.

3.2 Analysis of IDC’s physical model

Beyond the vast usage of IDC sensors, the main problem of these devices lays
in the difficulty to obtain components with specific characteristics because of the
absence of analytical expressions to predict their electrical response. A useful method
for the calculation of the capacitance of IDC structures is conformal mapping technique
that provides closed form expressions based on the geometry and properties of the
sensor. IDC with an infinite top layer model [80]-[83] is developed and improved [84]
to evaluate the capacitance for a sensor having a finite layer structure. Later models
were proposed [85], [86] for an IDC with a multilayered top structure based on the
same conformal mapping technique. The more general form of multilayered IDC
electrodes is developed by Igreja in 2004 [87] and enhanced model was developed in
2011 [88].

(a) (b) ()

Fig. 4: Parallel plates open up thus providing a planar structure [30]
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Compared with parallel plate capacitor structure, IDC electrodes open up thus
providing planar structure (Fig. 4). By applying different potential on electrodes

electromagnetic field generates in between.

1 unit cell
—p

a) b)

Fig. 5: IDC: a) planar structure, b) cross-sectional view (I — length of the fingers, h —
height of the substrate used, t — thickness of the conductive material forming
electrodes, ey, — permittivity of substrate, &, — permittivity of MUT, g — electrode

spacing, w — electrode width )

An interdigital capacitive sensor is a coplanar structure consisting of multiple
comb electrodes (Fig. 5). Electrode and geometry as well as dielectric properties of

material under test (MUT) affect the capacitance and conductance between electrodes.

CiC/(CHC))

Ci2

2CCHCetC)H3C/2

Fig. 6: Example of the equivalent circuit for evaluation of the static capacitance of a

semi-infinite top layer in a periodic IDC with six electrodes [87]
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As proposed by Igreja (Fig. 6), if symmetry is used, Cyx and Cy,, can be obtained
by calculation of two unique capacitances: interior half capacitance C, and exterior
half capacitance Cg. These half capacitances represent capacitances between IDC
electrode and the dielectric wall positioned in the middle between two electrodes. In
solving for the total capacitance of a multi-layered structure it is necessary to model
only one half-plane (upper or lower). The other half-plane can be calculated with the

same equations. Sum of these results gives the capacitance of IDC.

Each IDC structure consisting of more than one layer, modeling can be divided
into two problems: a monotonic decrease in the permittivity from layer to layer as we
move away from the electrodes plane (e; > ¢, - - - > ¢,), or there is a monotonic increase

in the permittivity (e, <&, - - - <&).

3.2.1 Parallel Partial Capacitance

Total capacitance for structure with monotonic increase in permittivity can be
calculated using Parallel Partial Capacitance method. Expressions for C, and Cg are as
reported in [87]:

n—.

C = Zg 8,+1XI +8C( ) (7)

n—.

Ce = Z |+1X:E +8C ( ) (8)

3.2.1.1 Computation of C,

Fig. 7 represents electrode transformations for calculations of C,.
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Fig. 7: Conformal transformations for the calculation of C, . The fixed equipotential
lines and their transformations are marked as solid lines while the dielectric and its

transformations are the shadowed regions [87]

If we definer=h/1, whereA=2(w+g), the modulus k must suffice the

following equation:

_K(K) (9)

4r = ,
K(k)

where K(k) represents the complete elliptic integral of the first kind.

Complementary modulus is represented withk =+/1—k? . Modulus k can be calculated

where v, and v; are the Jacobi theta functions with the nome gq=e™*". Equation

that maps x-plane into z-plane:

X. (11)
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Rectangle in the z-plane is transformed into the first quadrant in the t-plane by

the Jacobi elliptic function of modulus k:
t=sn(z,k). (12)

Now t-plane must be shifted to the y-plane using:

t[tZ -t
_ UL 13
y tz‘/tj‘—t (13)

Using Schwartz-Christoffel transformation y-plane transforms into w-plane:

y dw
W= . — (14)
'L \/(1—W2X1—k,zwz)
where modulus k; is represented by:
t7-1
k, =t, t;_t;_ (15)
Using these results it is possible to calculate C;:
¢, —a Kl4) (16)
K'(k,)
3.2.1.2 Computation of Cg

For Cg calculation (Fig. 8), the semi-infinite right-hand side strip must be

mapped onto the t-plane using:
T
t =coshl —x |. 17
(2] 7)

Mapping into y-plane uses function:
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2 -1
t2—t?

y=t

Using Schwarz-Christoffel transformation, y-plane moves to w-plane:

o dw
w=) Jiw iw?)’

where

1 [tZ-t?
ke == |52 .
t,\ t2-1

Capacitance in the x-plane can be directly obtained as in:

C. = | EL
E gogrm

@ plane @® plane

x1=jh

ty= cosh(ram+1)/8r)
;= cosh(r(1-1))/8 1)

=0 x3=G2  x;=(AG)2

() plane @ plane
wy= jK(ky)  wy= K(kp)+K (k)

=0 y=1 yy= 1/ V4 wi=0 wo= K(kp)

(18)

(19)

(20)

(21)

Fig. 8: Conformal trans formations for the calculation of Cg. The fixed equipotential

lines and their transformations are marked as solid lines while the dielectric and its

transformations are the shadowed regions [87]
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3.2.1.3 Computation of C, in the limiting case

e phaite g Eipisite @plane , —Kkyr+ik ki
Wa= K (ke /

2=0 2=W2 un=N4 =0 6=1 K=1lkew 4 wi=0 wa= K(kjeo)

Fig. 9: Conformal transformations for the calculation of C, for an infinite layer. The
fixed equipotential lines and their transformations are marked as solid lines while the

dielectric and its transformations are the shadowed regions [87]

For IDCs, it is necessary to evaluate infinite layer thickness (Fig. 9). Modulus

changes using following transformations:

t:kisin[% zj , (22)

loo

and

t dw
_ , 23
A ey ey &)
leading to:
. (w
Ky, :sm(TJ : (24)

Capacitance expression remains the same as in (16) only the modulus changes.

3.2.14 Computation of Cg in the limiting case

For the calculation of Cg (Fig. 10) the transformations used are:

t==172, (25)
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t dw
= : 26
W Io\/(l_w'le_kzw'z) (26)
with,
1+7

Capacitance expression remains the same as in (21), only the modulus changes
into:

ke, =——5.. (28)
1+—
A

Total capacitance can be calculated as in:

Cc=(N —3)&+2£

: 29
2 C, +C, (29)

®plane W) plane
w3 =\K(k)+jK(k’)

n=0 h=1 n=1l/k

Fig. 10: Conformal transformations for the calculation of Cg for an infinite layer. The
fixed equipotential lines and their transformations are marked as solid lines while the

dielectric and its transformations are the shadowed regions [87]
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3.2.2 Serial Partial Capacitance

Serial Partial Capacitance method is used if there is a monotonic decrease in

permittivity. Expressions for C, and Cg are as follows [88]:

g1 1)1 11 0)
C, T\&a & Cl(hi) én Cl(oo)
LR (L RN ) S N (31)
Ce T\& é&a CE(hi) &n CE(OO)
3.2.2.1 Computation of C,
Xx- plane z-plane =0
AN Rl
n= Ly [ =0 1 §=
R ™ |/j9/—2-: d¢/dn=0 E 2
x,=0 x,=w/2 X. :;/4 = :/:;:= 4
¢\:v d¢>in=0 :O 2=KR0kE Gerdan=0 o
t-plane y-planc w-plane

w;=jK(k') b, = K (k) HK (K,
s> -M./( JHK(E)

d¢/dn=0 db/dn=0

do/dn=0 $=0 do/dn=0
6=V d¢/dn=0 $=0 6=V d¢/dn=0 ¢=0 -~
A o=V
1=0 / t= i RS y=0 y/: yi= ks w,=0 wo= K(k)

t,=sn(z,,k)

Fig. 11: Conformal transformations for the calculation of C,. The boundary conditions
are written in figure for the physical plane (x-plane). The dashed line represents a DB

condition and the solid line the electrode [88]

For this case (Fig. 11) t-plane is mapped on y-plane by the function (32):

y=1. (32)

2

By using Schwarz-Christoffel transformation y-plane is transformed into w-

plane using:
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W= F(Q K, )’
with

p=sin"(y).

(33)

(34)

F(p,k, )represents the incomplete integral of the first kind with modulus k, =t, .

Capacitance expression remains the same as in (16) only the modulus changes.

3.2.2.2 Computation of Cg

x-plane t-plane

A , =0

X, = X

1r--1 -------- 4 ............ -

NG Y y

s.—.| d¢/dn=0 L =0 d¢/dn=0 o=V d¢/dn=0

= = - — T X :I = / ~‘+ o
=0 x=gl2 x=0-g2 " f nel Bl / 1,= cosh(r(1+0)/(4r))
d¢/dn=0 o=V t,= cosh(m(1-n)/(4r))
y-plane w-plane
= KK i KK
do/dn=0 WKtk = Kk tiK (ko)
o ¢=0 =
_ d¢/dn=0 d¢/dn=0
d¢/dn=0 =0 /
. % Sy
%,=0 y=1 y,=1/k Vs w,=0 w,=K(k,)
—+ oo
o=V

Fig. 12: Conformal transformations for the calculation of Cg. The boundary conditions

are written in figure for the physical plane (x-plane). The dashed line represents a DB

condition and the solid line the electrode [88]

The semi-infinite strip (Fig. 12) on x-plane is transformed into the t-plane by

transformation:

t= cosh(Z x} )
h

This plane is transformed into y-plane by transformation:
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(36)

Using Schwarz-Christoffel transformation this plane transforms into w-plane by:

w=F(p.k), (37)
with
p=sin(y). (38)

F(p, k. ) represents the incomplete integral of the first kind with modulus (39):

t, -t
ke = [+—2. 39
=i (39)

Expression for Cg remains the same as in (21), only the modulus changes.
Capacitances for the infinite layers remain the same as obtained in computations of

limiting cases in parallel configuration.

3.3 Design of interdigital capacitor

For the capacitance probe the invasive and non-invasive IDC’s can be employed
for different measurements, depending on the capacitance electrode configuration of
the sensor. Equivalent circuit can be considered for the case of invasive and non-

invasive sensors (Fig. 13).

Invasive case means that there is a direct contact between the metal electrode
and liquid while non-invasive case assumes no contact between the metal electrode and
liquid. Present study examines the possibility to conduct the recognition process of

liquid samples with both sensor configurations.
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CX RX C:X RX

a) b)
Fig. 13: Equivalent circuits for: a) invasive and b) non-invasive electrode arrangement

Theoretical calculations have been performed, in order to determine the best
configuration for sensor structures. Capacitance dependence on geometric parameters

such as IDC finger width, gap, length and number has been examined.

Using equations for Parallel Partial Capacitance and necessary integral
approximations reported in [59] and [70], capacitance for various geometric parameters
of the IDC in order to investigate their influence. FR-4 board was used as an example
substrate for IDC modeling. Capacitance dependence on the electrode width is shown
on Graph 4. It can be seen that capacitance exhibits strong rise with the increase in the
finger width implying serious dependence on this parameter. Capacitance dependence
on finger gap is shown on Graph 5.

As it can be seen, capacitance decreases in about 40% with the rise in finger gap
from 0.1mm to 1.7mm. Capacitance dependence on the finger number as well as finger

length is shown on Graph 6 and Graph 7.

Finger number and finger length affect capacitance in a rather linear manner,

where finger number has greater influence on total capacitance.
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Graph 5: Capacitance dependence on finger gap
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3.3.1 Invasive method sensor design

Base on previous calculations, two structures of IDCs have been designed and
fabricated on a standard FR-4 board using standard procedure for fabricating PCB
circuits. 1st structure consists of 8 fingers with finger length 37mm, finger width
0.7mm and finger spacing 0.5mm. 2nd structure consists of 16 fingers with finger
length 9.5mm, finger width 0.7mm, finger spacing 0.5mm. Fig. 14 shows implemented

SENSOrs.

Fig. 14: Implemented sensors on FR-4 board

3.3.2 Non-invasive method sensor design
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Fig. 15: Cross-section view of IDC sensor with its superimposed layer capacitance

configuration
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When solid PCB sensor structure is used, container is placed over the electrodes
through its full floor surface. As it can be seen (Fig. 15), there are three layers above
the electrodes: air (in sub-mm height due to non-ideal contact between electrodes and

the container), container floor (with substantial thickness) and a liquid sample [89].

Electromagnetic field lines must penetrate through air, the container and
sufficiently into the MUT. Maximum electric field penetration height occurs at about
half the sensor wavelength. This means that the sensor is not sensitive to a distance
from the electrode plane greater than w + g. Containers prepared for sample packing
were polypropylene (PPC) and glass (GC) containers. PPC has 55mm in diameter,
approximately 0.5mm floor thickness. GC has 55mm in diameter, approximately 3mm
floor thickness. Based on this dimensions, w + g must be greater than 0.5mm in order
to penetrate PPC container floor, and greater than 3mm when used for GC. Solid PCB
IDC’s structure was fabricated using standard PCB fabricating procedure. Structure on

FR-2 board, consists of seven fingers with | = 37.5mm, w = 4mm, g = 0.5mm.

Fig. 16: Implemented sensors on paper and FR-2 board respectively

During experiments in our work using invasive approach [90] it was established
that some of the fast vaporizable samples (such as benzene, acetone and ethanol)
deteriorate, if measurement process lasts. This can cause degradation in sensor
readings. In order to avoid this, standard 5ml polypropylene syringes were prepared for

these samples with flexible paper based IDC structure to be taped around. Syringes
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have 10mm in diameter, with 1mm wall thickness. Paper IDC needs w + g greater than
1mm in order to penetrate into the MUT. Flexible paper-based IDC structure [91]
consisting of seven fingers with | = 28mm, w = 3mm, g = 2mm was fabricated on
regular blank piece of paper with traces drown using nickel conductive emulsion
provided from CircuitWorks. Traces drown in this way have pm thickness fully

conductive in air cure reached in 45min. Fabricated sensors are reported in Fig. 16.
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4 LIQUID RECOGNITION SYSTEM
DEVELOPMENT

4.1 Interdigital dielectrometry

Dielectrometry represents very important method for material characterization.
Using this approach, it is possible to extract dielectric properties of a MUT by
measuring capacitance of a sensor. By varying geometry, materials, manufacturing
process as well as read-out circuits, improvement can be achieved. Most of the sensors
used in dielectrometry are capacitive in nature. These sensors have the advantage of
high measurement accuracy. The simplest example of a capacitive sensor is a parallel-
plate capacitor. More complicated sensors employ fringing fields assuming variety of
geometries such as cylindrical geometry to measure the permittivity of a dielectric plate
[92]. Also, rectangular coplanar capacitance sensor has been employed for water

intrusion monitoring [93] as well as damage detection in laminated composites [94].

Electrical capacitance tomography is another capacitance measurement
technique that is used to image cross-sections of industrial processes containing
dielectric materials [95]. Over the past decades, research progress on both the hardware
design [96], [97] and sensor configuration optimization [98] has been made. Since the
changes in the dielectric properties are usually induced by changes in various physical,
chemical, or structural properties of materials, the dielectrometry measurements

provide effective means for indirect non-destructive evaluation of vital parameters in a
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variety of industrial and scientific applications such as agricultural products [99], food

products, paper, transformer board [100], and hydrophilic polymers [101].

Interdigital dielectrometry is a subset of interdigital electrode sensor
applications that relies on direct measurement of dielectric properties of insulating and
semi-insulating materials from one side [102]-[106]. A relatively new field of research
is an interdigital frequency-wavelength dielectrometry, a close relative of electrical
impedance tomography. The depth of penetration of quasi-static electric field lines into
the material is frequency independent and proportional to the sum of finger width and
gap between fingers. The differing penetration depths of multiple wavelengths make
possible spatial profiling of dielectric and conduction properties of individual layers
across the thickness of a medium without direct access to each layer and therefore
making their usage more flexible than other geometries. The response of the electrode
structure with the shortest wavelength will reflect the dielectric properties of the
material directly above electrodes, while further rise in spatial wavelength will increase
in the influence of the structure deeper into the material. Overviews of important

concepts related to this technology are available in [107]-[116].

4.2 Microcontroller dsP1C30f4013

The material evaluation systems combine precise instruments, test fixtures and
software for sample parameter calculations. Specific manufactures provide a variety of
fixtures and measurement instruments covering many sample types. Along with
interface software, depending on required measurement techniques and instruments,
such systems are usually integrated as kits [117]. Solutions are fast, accurate, with
numerous methods available to suit the application need. Major disadvantage of these
kits is their cost and often the necessity of lab environment in order to achieve best

performance results.
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A microcontroller (uC) is a single integrated circuit consisting of a processor,
memory and programmable I/O peripherals. Nowadays, microcontrollers are widely
used as a useful tool for measuring various physical properties with minimum
additional interface circuitry, making entire systems low-cost, compact and suitable for
on-field work. Numerous applications, such as day life devices (light and temperature
sensing and control as well as fire detection) and also industrial instrumentation and
process control, employ microcontrollers. Measurement techniques applied, can be
numerous for different variable types and often strongly depend on the characteristics

of the measurement.

The main reason for microcontrollers’ vast usage lies in cost advantages. puC is
generally build as a device that uses less power and it’s suitable for battery-powered
applications. The architecture of a typical microcontroller often includes a central
processing unit (from 4-bit architecture up to 64-bit processors), memory modules, data
bus, a clock generator, programming capabilities, analog to digital converters, timers,

counters, serial ports [118].
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Fig. 17: Microcontroller pin-out [118]

PIC family of microcontrollers employs modified Harvard architecture
microcontrollers made by Microchip Technology. dsPIC devices include digital signal

processing capabilities as well.
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Microcontroller dsPIC30f4013 (Fig. 17) represents integration of the central
processing unit (CPU), memory as well as peripherals and does not requests a
complicated external hardware in order to build a system. This microcontroller is made
in CMOS technology and requires 5V of stable power supply. dsPIC family consists of
build in FLASH and EEPROM memory for data and memory storage as well as
support for a large number of input/output devices. For the purpose of this thesis, the

entire system is build around this microcontroller.

4.3 Capacitance measurement

For the capacitance measuring, different techniques such as LCR, AC bridges,
charge/discharge, relaxation, oscillation and resonance as well as capacitance to phase,
capacitance to voltage, switched capacitor and analog to digital conversion methods are
used in different applications [119]-[123].

Low value capacitive sensors require instrumentation capable of measuring pF
range capacitances with high sensitivity. Stray and lead capacitances are often
comparable with the sensor itself. Drift and offset error, frequency range as well as cost

must be considered when developing a read out circuit.

There are several approaches suited for capacitance measurement using
microcontrollers and minimal external hardware. Depending on devices capabilities

some of the methods used, can be divided into groups, such as:
- charge transfer,
- resistor-capacitor charge timing,

- relaxation oscillator.

68



VDD
\
\
1
-[' ICSH
Csen I

Fig. 18: Capacitance voltage divider principle

ADC

Charge transfer method (Fig. 18) uses charge transfer from a reference
capacitor onto a sensor during certain number of cycles. The voltage change on the
capacitors decreases exponentially. This approach employs analog to digital converter
(ADC) to measure capacitance. The internal sample and hold capacitance (Csy) of the
ADC is used as a reference for calculating external capacitance. One ADC channel is
used to fill (Csy) up to supply voltage Vpp. This channel is than connected to sensor
creating a parallel connection between internal ADC capacitance and the sensor.
Second ADC channel samples the voltage providing the amount of capacitance on the

Sensor.

Charge time measurement method applies constant current source to the
capacitive sensor thus creating a DC voltage across a capacitor. An ideal capacitor

charged in this way creates a ramp:
I xT =CxV. (40)

| represents the constant current source, T is the fixed charging period measured
using timers, C is the sensor capacitance and V is sensor voltage that can be read by an
ADC.
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Fig. 19: Ideal capacitor charged with constant current source

Capacitance can be calculated by observing the rate of change in capacitor
voltage if a capacitor is ideal. Non-ideal capacitors exhibit dielectric absorption,
leakage, dissipation factor and equivalent series resistance. In order to include these
losses, capacitor is often modeled as a capacitor with resistor in parallel. The charging
and discharging of such a capacitor take place exponentially and depend on capacitance

as well as resistance:
v(t)=IR(L—e 7). (41)

This transcendental equation can only be solved using iterative techniques, but

the derivative of this equation can be expressed in a closed-form:

% — é(e—t/r) ] (42)
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®
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t

Fig. 20: Non-ideal capacitor charged with constant current source

v
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An exponential fit must be performed on ADC readings and z calculated. After
this, the equation (42) can be used to calculate C. This approach requires very fast
ADC sampling without significant noise, current source must be ideal as much as
possible and the internal ADC capacitance must have high Q-factor to prevent error

due to its own time constant.

Relaxation/oscillation based method is usually used with microcontrollers. This
approach requires an external RC or LC oscillator circuit producing periodic
waveforms such as square, triangular, sawtooth or sinusoidal. In order to build the
oscillator, sensor capacitor is charged to a certain upper threshold and discharged to
lower threshold voltage. Capacitive changes are detectable through changes in
oscillation frequency, inversely proportional to capacitance changes. Periodical pulses
can be converted into voltage or directly processed by a microcontroller. Pulses must

be in 0-5V range, since microcontroller operates on a single power supply.

4.3.1 Capacitance to frequency conversion
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Fig. 21: Functional block diagram of TLC555 and pinout [126]

When it comes to small capacitances changes, as described in various papers

[124], [125] sensor capacitance is often first converted to a frequency using a free
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running multivibrator circuit. This approach is suitable for small capacitors, such as

ours, since small changes in capacitance induce relatively large frequency shifts.

For the purpose of this work a timer TLC555 [126] is used. This timer
represents CMOS version of a standard NE555 timer and is fully compatible with
CMOS, TTL and MOS logic and operates at frequencies up to 2 MHz. TLC555 is an
example of an interface integrated circuit consisting of both analog and digital circuitry
(Fig. 21). Because of its high input impedance, smaller timing capacitors can be used.
An RS flip-flop controls output and discharge pins. The separate reset terminal
overrides any other command and clears the flip-flop. Discharge terminal is connected
via transistor to the ground terminal and used for discharging capacitor. Flip-flop inputs
are supplied by two comparators monitoring analog voltages on the trigger and
threshold inputs. Comparator reference voltages for these inputs are 0.67Vpp and
0.33Vpp.
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Fig. 22: Astable operation of TLC555 timer [126]

When TRIG and THRES are shorted, TLC555 runs as an astable multivibratior
(Fig. 22). Capacitance charges through R, and Rg to the threshold voltage 0.67Vpp.
This sets the internal flip-flop and capacitor starts to discharge through Rg. When
capacitor voltage goes below trigger level 0.33Vpp process repeats with capacitor
charging. The output is high during capacitor charging (43) and low during discharge
(44).
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tc_high = CT (RA + RB )In 2, (43)

t, oy=C;RsIN2. (44)

_low

Using equations (43) and (44), TLC555 output frequency f can be calculated
with:

o 14 (45)

(RA +2RB)CT l

4.4 Frequency measurement methods

Mostly used methods for frequency measurements used are the reverse
frequency measuring (RFM) and the direct frequency measuring (DFM). In both
methods, a time-base oscillator circuit (TOC) is required. TOC represents a pulse
oscillator with a high stability and precision. The frequency of this circuit determines

different parameters of the measuring results, depending of the method chosen.

4.4.1 Reverse frequency measuring

This method is mainly used for low frequency measurement (Fig. 23). For this
method TOC is chosen with very high frequency. By measuring the period instead of
the frequency, it is possible to decrease the error without increasing the duration of the
measurement. The basic principle is to measure how many TOC pulses can be count
during one period of the input signal. In order to calculate the frequency, it is necessary

to divide the TOC frequency by the pulses counted:

_TOC _ frequency

F :
pulses _ counted

(46)
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Fig. 23: Reverse frequency measurement method

This method usually requires a microcontroller to mathematically deal with
data. The accuracy of this method can be increased if TOC pulses are counted over
several periods of input signal. Total frequency is calculated as in previous case but

multiplied with n number of periods:

y TOC _ frequency

F=n .
pulses _counted

(47)

The measuring error for this method is inversely proportional of the TOC
frequency. Unlike direct frequency measuring this method can measure the frequency

of the each pulse separately.

4.4.2 Direct frequency measuring

This is basically the most straight-forward method of frequency measuring (Fig.
24). The TOC oscillates at rather low frequency determining the sampling rate of the

circuit. For example, if TOC oscillates at 1Hz, sampling provided is once per second.
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Fig. 24: Direct frequency measurement method

During a complete period of TOC, the signal pulses are measured. Used in this
way, the counting determines the number of the whole cycles M occurring during a
time interval T given by the TOC:

F=—. 48
T (48)
The advantage of this method is that with properly selected TOC, frequency can
be measured with no mathematics used. For example if a TOC period is 1Hz than pulse

count represents frequency in Hz.

The measuring error of this method increases with the decrease of the input
frequency. This method only counts pulses, thus only returning integer value of the pulse
count. For example, frequencies 100Hz as well as 100,9Hz will be counted as 100Hz.
Improvement in accuracy demands reducing the sample rate, making measurement rather
time consuming. That is why this method is used mainly for high frequency measurement,
because the accuracy is reverse proportional to the frequency of the TOC, while the
sampling rate is equal to the TOC frequency. Another characteristic of this method is that,
during measurement cycle, if a frequency is changed, the result measurement will be the

average of the frequency.
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5 INVASIVE RECOGNITION
MECHANISM

As previously discussed, when using an invasive configuration, there exists a

direct contact between MUT and capacitor electrodes.

IDC sensor

2x16 character NE555
display
£ dsPIC module
-------------- e
TIMER [« DSP M UART

data is stored in

a look up tabl:__; ST

b e e e e e e

Fig. 25: Block model of the system

Block model of implemented unit is presented on Fig. 25 while electric
schematic is provided in Appendix 1. Main circuitry was built on FR-4 board with IDC
sensor available for soldiering onto connection points through 10cm long wires for
easier manipulation. UART enables communication between the microcontroller and
other devices using RS232 standard. PC connection requires voltage levels for logic 1
between +3V and +12V. Logic 0 is represented between -3V and -12V. Because of this
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additional circuit MAX232 is needed in order to adjust voltage levels between
microcontroller and other devices. MAX232 is basically transmitter/receiver circuit
used for voltage level conversions from OV to 5V into +/-12V and vice versa.

Information is also available on 2x 16 character LCD.

Liquids used for testing were: benzene &, = 2.3, phenol &, = 4.6, acetone ¢, = 20,
ethanol ¢, = 23.4, methanol &, = 33.1, formaldehyde &, = 45 and distillated water ¢, =

78; plus a ready state when sensor detects only air ¢, = 1.

As previously discussed in Chapter 3 sample capacitances consist of dielectric
C, and loss term R, (resistance in parallel). Generally, pure substances have a low loss
term [127]-[128]. As reported in [129]-[132], in the invasive approach the additional
care is requested, because the effect of R, can be negligible only if the ON resistance of
the charge switch is small compared with Rx, and if the discharge time, which is
determined by the switching on time of the resistance of the discharging switch, is short

compared to the time constant given by R,-C,.

As described in Chapter 4 in timer basics there is charging and discharging of a
sensing capacitor C; through two resistances, thus setting up the frequency of an
output. Charging goes through (Rx + Rg), and discharging through Rg. Resistors in
timer circuit were chosen in kilo ohm region so it can be assumed that R, in sensor

model can be omitted. Timer resistor values are R, = 10 kQ and Rg = 100 kQ.

Microcontroller dsPIC30f4013 is used to perform readings and necessary
conversions. Necessary programming was performed in micro C. Rubber container,
approximately 4cm in diameter, 2mm in height as well as IDC sensors were properly
wiped clean using acetone and cotton wool. Calibration process, as well as further

testing, was conducted with liquids in room temperature (23°C).
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5.1 Microcontroller programming and calibration

Calibration points were water, acetone, and air. Chosen liquid (approximately
10ml volume) was poured in a container. As discussed in Chapter 3, two structures
were fabricated for invasive approach examination. Calibration started by putting the
1% structure on top of a container so that its full surface can touch the surface of a liquid
(Fig. 26).

Fig. 26: Example of the 1° structure placement

Since sensor capacitance is relatively small, frequency produced by TLC555 is
high enough for direct measuring method to be used. dsPIC is set to generate 1s time
window during which it counts pulses from TLC555 and prints the result on a display.
Timer unit, build in dsPIC, is used for the time measurements. Timer represents a
counter bock counting time rise in equal intervals. By taking the counter number in
certain points of time it is possible to get the information about the time elapsed. When
readings stabilize (based on multiple tryouts it takes no more than 5s) printed value is
recorded. Sample can be removed from a container and along with IDC properly
cleaned using cotton wool and acetone. Process has been repeated ten times for each
liquid. 2™ structure can be examined and entire process repeated using benzene for

cleaning instead of acetone.
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Graph 8: Frequency readings with 1% structure and 2" structure

Graph 8 represents averaged data obtained from microcontroller readings in
calibration points used in this experiment. Readings showed no major improvement
when benzene was used for cleaning, except that sensors dried symbolically faster.

Acetone and benzene were chosen for cleaning particularly because they vaporize fast.

During frequency measurement it was established that reliable difference
between liquids occurs in kHz region. In further programming frequency was rounded
in kHz format. Solid digits are used for recognition process (Graph 9). Using this
approach region 000-999Hz was removed from area of interest. This assures stability
and reproducibility but some tolerance has been made. Relative tolerance can be

calculated as in:

ymax B yreduced

%100, (49)
Y rmax

tolerance :‘
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where Y. represents measured frequency if all the omitted digits are assumed

maximal, and Yequceqd FePresents frequency after omitting the Hz region.
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Graph 9: Modified frequency used for look-up table with 1st structure and 2nd

structure

When using 1% structure this represents around 0.3-0.4% tolerance in frequency

measurement, while with 2" structure this represents 0.1-2% tolerance (Graph 10).

2" structure also exhibits larger frequency separation between liquids used.

Graph 11 shows extracted capacitance for both structures obtained using Eq. (45).

Theoretically obtained air-capacitance value for 1% equals 8pF, while for 2"
structure equals 4.3pF. Extracted capacitance from measured frequency for 1% structure
equals 16.8pF, while for 2" structure equals 10.1pF. Extracted values show rise in
capacitance values that may have been caused by the additional soldered wires for

connection with the timer circuit.
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Graph 10: Tolerance obtained when 0-999Hz region is removed from frequency
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Graph 11: Extracted capacitance from modified frequency
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5.2 Performance results
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Graph 12: Fitted capacitance changes obtained from extracted data using 99%

confidence bound

Using MATLAB a fit has been performed for 1% and 2" structure (Graph 12). It
can be seen that system exhibits linear trend. From fitting equations expected
capacitance has been calculated for each liquid used and put into a look-up table in a
microcontroller memory. Each capacitance represents liquid used. Microcontroller

counts pulses, forms a frequency from which a capacitance is extracted using (45).

This capacitance value is then compared with expected values in a look-up
table. If a match is found, info (name of a liquid) is being sent to a display and through
RS232 connection on a PC. UART terminal incorporated in micro C has been used.

Flow chart of unit’s performance is presented in (Fig. 27).
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Fig. 27: Flow chart used in microcontroller programming

Unit operation’s results are presented on Graph 13 to Graph 15. Unit, in general,
exhibits better resolution and accuracy with low permittivity liquids; it is small and
practical to built using cheap off-the-shelf components. There’s a need to pay intention
on calibration process in order to achieve desired accuracy. Once properly calibrated,

unit recognizes liquids with 100% success.
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Graph 13: Modified frequency used for programming
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Graph 14: Extracted capacitance for 8 states
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6 NON-INVASIVE DETECTION
MECHANISM

For non-invasive approach, insulation layers act as a serial capacitance added
onto R,-C, cell. Overall resistance of such structure is very high, thus R, can be

omitted, leaving capacitive component as dominant term [133].

As referred to timer basic astable configuration described in Chapter 4, resistors
used for PCB IDC were Ry= 5.1kQ and Rg= 100kQ, while for paper-based IDC Rp=
100kQ and Rg= 200kQ were chosen. Model of this system is entirely based on the
developed system for invasive approach as described in Chapter 5. Only the sensor

configuration is changed from invasive into non-invasive.

Programming, for microcontroller dsPIC30f4013, was performed in micro C.
UART terminal incorporated in micro C, along with 2x16 character display was used
for monitoring and data logging. Generally, this system can be redesigned to interface

any communication module.

Containers, as well as IDC sensors were properly wiped clean using acetone and
cotton wool. Acetone was used for cleaning due to fast vaporization. Experiments were
conducted with liquids in room temperature assumed constant in this study (around
22°C).

Dielectric constants for testing liquids are: benzene ¢ = 2.3, olive oil ¢ = 3.1,
acetone ¢, = 20.7, ethanol ¢, = 24.5, purified water ¢, = 29.3, methanol ¢, =33.1 and

formaldehyde ¢, =45.
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6.1 Microcontroller programming and calibration

PPC was filled with liquid of interest and placed over the solid IDC so that it
covers the electrodes through its full floor surface. After each sample PPC was cleaned
with acetone. The same procedure was conducted using GC. dsPIC is set to generate
250ms time window during which it counts timer pulses. During measurements, it was
established that reliable difference between samples can be achieved using only kHz
region thus providing systems frequency resolution of 1kHz. Frequency readings for
solid PCB IDC are reported on Graph 16 .
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Graph 16: Frequency readings for PPC and GL using solid IDC

As it can be seen, frequency exhibits volume as well as container type
dependency. Maximal shifts occur at 10ml sample volume. Solid IDC produces

136kHz frequency shift with PPC compared to 55kHz obtained with glass container.
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Paper IDC was taped around syringes filled with samples of interest. Frequency
readings obtained for paper IDC are reported on Graph 17. Maximum frequency shift

obtained with this structure equals 29kHz.
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Graph 17: Frequency readings with paper IDC. Liquids used: benzene, acetone,

ethanol and purified water

Frequency output function of TLC555 represents a part of a quadratic hyperbole
and exhibits the largest sensitivity on the side of lower permittivity samples, while with

the increase of permittivity and capacitance growth, system becomes more insensitive.

Partial linearization was performed on frequency bands for solid IDC as
depicted in Graph 18. Values used were 10ml volume for both container types as it
produced more reliable readings. Linear function of permittivity dependence between

two calibration points can be represented as in:
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X=—+—, (50)

where X represents permittivity, f represents frequency and a and b represent

constants of the corresponding linear functions.
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Graph 18: Partial linearization for solid IDC

Rule for how uncertainties propagate when multiplication by a constant is given

can be represented by:

Ax=LxAf . (51)
a

With initial frequency resolution of 1kHz, and polypropylene container used,

uncertainty in permittivity measurement is maximally 2.4 at high end, and decreases to
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0.1 at low end. When glass container is used, uncertainty is maximally 1.3 and 0.1

minimally.

After performed linearization (Graph 19), it was shown that maximum

permittivity uncertainty for paper IDC equals 1.6, while minimum equals 0.9.
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Graph 19: Partial linearization for paper IDC

6.2 Performance results

System configuration is based on invasive approach to liquid recognition as
described in Chapter 5. dsPIC counts pulses during 250ms (Fig. 28). Frequency bands,
for look-up table, were derived by assuming that only these seven samples need to be

discriminated. Performance results are presented on Graph 20 and Graph 21.
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Table 1 Permittivity uncertainties introduced by look-up table bands for solid

IDC
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Table 2: Permittivity uncertainties introduced by look-up table bands for paper

IDC
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Theoretical air-capacitance calculated for solid IDC equals 10.4pF, while paper
extracted capacitance from actual frequency measurements equals 7.8pF. Theoretical
values obtained for IDC fabricated on 0.1mm thick paper with approximately dielectric
constant of 4 equals 4.6pF, while extracted value equals 5.1pF. As it can be seen
theoretical and measured values are in relatively good agreement. We allowed border
frequencies to be at one half between two samples. In this way we introduced
additional uncertainty in permittivity estimation. Partial linearization of system’s
response brings different uncertainties left and right from the target values as reported
in Table 1. and 2. With current data set, samples were successfully discriminated, with

negligible container positioning influence.
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7 THESIS SUMMARY AND FUTURE
WORK

Substance analysis and identification has gained on popularity over the past
years. Well established techniques and methods, usually available for laboratory use,
tend to modify in order to expand in every-day applications. As previously discussed,
substance analysis methods relying on physical properties can be divided into classical
and instrumental. For low number of pure samples, classical methods are used.
However this can still be a time consuming process as well as dangerous if toxic

substances are present.

In this thesis, we examine the possibility to speed up the classical method of
analysis and replace expensive laboratory equipment with miniature, compact, on-field
system with reasonable accuracy and speed. The main goal was to explore the
possibility to discriminate between liquid samples based on their dielectric constant.
Capacitive sensors have constantly evolving geometry and present study examines the
planar IDC structure. Practical usage of the IDC’s features, namely the possibility to
discriminate between liquids based on the change of the capacitance when interacting

with samples, has been investigated.

In invasive approach to liquid discrimination, two solid IDC structures were
examined and seven liquids successfully distinguished with very good separation
between them, living space to further improvement in more precise sensing
applications. For the liquids used in this experiment reactive component of capacitance

was omitted. In general, better resolution and accuracy was achieved with low
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permittivity liquids. System is small and practical to built using cheap off-the-shelf
components. There’s a need to pay intention on calibration process in order to achieve
desired accuracy. Reactive component may corrupt the readings if samples become
contaminated with conductive impurities. Also, if aggressive substances are used,
damage to the sensor can be permanent. Once properly calibrated, unit recognizes

liquids with 100% success.

As some of the substances deteriorate and can be dangerous to handle due to
possibility of intoxication of the operator, the purpose of non-invasive approach was to
investigate the possibility to recognize samples packed in predefined containers. Glass
and polypropylene containers were examined and the effect of sample volume was
investigated as well. Special attention was dedicated to vaporizable samples. For that
purpose polypropylene syringes were used with flexible paper-based IDC. Because
there is no direct contact between electrodes and liquid samples, there is no
deterioration issue of the sensor structures and also reactive component of the sample is
negligible. The possibility to examine samples without disturbing original containers,

improves safety of the operator when dealing with dangerous substances.

However, special care must be taken. Contact surface between PCB IDC and
container floor must be smooth in order to achieve maximum performance. Also, glass
containers need thicker floors in order to prevent cracks and damaging. This extra
thickness affects on electric field penetration height and therefore produces smaller
sensitivity. Major disadvantage of the system is the necessity to take samples into
previously determined types of containers. Automatic container recognition can be
explored. It was shown that sample volume also affects the readings, and therefore this
parameter must also be predefined or measured during discrimination process.

Accurate container positioning is another important issue needing further attention.

Paper-based IDC showed promising in possibility to use this flexible structure

on container walls, which are thinner and uniform in structure. Further investigations of
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flexible IDC structures are possible in order to make recognition process available also

for pipe-lined processes.

Experimental results confirm that non-invasive approach sufficiently
discriminates liquid samples using differences in their permittivity. It offers a useful
tool to study the dielectric property of the liquid samples and a satisfactory
performance in discrimination between low numbers of liquids. In addition, further
studies are needed to achieve better resolution and processing in the real-life

environmental condition.

This system can be improved by adding additional interfaces, like GMS modem
could be useful for alarming purposes when detecting dangerous substances.
Experimental work is necessary in order to expand performance of this system onto

mixtures of two or more substances.
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Fig. 1: Schematic of the implemented system
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