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Abstract

Microfabricated cantilever sensors represent a powerful platform for high-sensitive and high-
resolution sensing applications -in physics, chemistry, material science and biomedicine.
When absorption and/or recognition of molecules occurs on the surface of functionalized
microcantilevers, it will result in bending of the microcantilever beam due to the formation
of surface stress. In this research, we proposed to develop a microcantilever-based ion-
sensitive nanosensor. A gold-coated microcantilever, which is typically used in atomic force
microscopy, was used as a sensor base. Its surface was then modified with self-assembled
‘monolayers (SAMs) of  21-(16-mercaptohexadecan-1-oyl)-4,7,13,16-tetraoxa-1,10,21-
triazabicyclo-[8.8.5]tricosane-19,23-dione which shows moderate selectivity for detection of
Li" ions in solution. The synthesis of the compound used for the preparation of the SAM was
performed and characterized using NMR and ESI-MS.

We also report the design and development of an optical beam deflection detection system
for measuring beam deflection. A high sensitive position sensitive detector (PSD) was
employed to measure the displacement of the laser spot on the PSD which is related to
cantilever bending. The detailed analysis of the designed read-out circuit was presented.
Furthermore, the implemented read-out circuit was tested and characterized to ensure the
linearity of the output signal in response to the displacement of the laser spot. In order to
examine the performance of the developed optical beam deflection system, an atomic
force microscope cantilever was used as a sensor. Experiments were also conducted to
characterize the long term stability and the performance of the system. The experimental
results showed that the noise level of the system in root mean square voltage was about
0.034 mV when operating the cantilever sensor in air and 0.027 mV when the cantilever

sensor was in water.
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Vanuvaslessudivienludenveithe

Ussudgmilumsanataviinalessulansituzdueglushedhadonddiswmdugusluagme

3 v v . LY . e < g
AR maansalun1sdndu (chelating) wavdmauen (selectivity) aldananainanzlossuras
lavzauls uaziisdndulessuveslossulansiindnud gunsaimainanaziesdiaiuisds

Weawelumsiinseidiunnvedlossulansifivsunanioeqld (high sensitivity)

-l cad v v «3 L 1=y v | o~ '
MsllwugesiannsaandunisnsiviatfinuvessnlansdanilauivsUuegludiedaden vz

Hglilnanunsoasmuuarirnsimanuiiaundlusianmevesiaeldodgnviuviag Snviadad
El

. ° o o Y
Tomauazamuduldle (potential)  Tunisieugesluvamndesonfioasrsuaswanaiosile

P o

Anszinasiiatemanmsundnilsagnuazmnsailudidedsely Fwrannsanevauswio
ulsviguazaussanisvelssinaluniswaurineanisindamasmuunlumalulad wazdunas
wisumuiiudaieWiiuusene fawvdaedld waraansoudeiuliluszivana ausdidedld

SRumsTiHemanusuige snnvinlessuvessglanvdaailod 919 Inuvaden Taden way St
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Tay vAund MsdnAuaTAME

Inguszgndlfiaugeinunaviiadeanuiililundasganssmiusiazaen (atomic force microscope,
3 o o Y L 4 5 d v W o
AFM) sifumalianisipisuiamincietu self-assembled monolayers (SAMs) tiasnduuazin

Y <
Yiinaaslessuawizswdanilaviniauls

Tasimsiteiinisnuessnifiu 2 dw fmuaszoznade 1 T mddduusnaniumusude
seninaniriaiiuarnaitfidand umiinendeRauing lunis@nwinisdaasisvansusenay
dmivandulaseuvedlanydanilaidifgyqlusnnisuyed lasrusdidvaulanisinivlessuves
Afew (L) ddBndwfiaessniunsadussimnszuumsiamuilfseveusuwaiaiuna
@admmdriusiviinaeduanaiiiinsuugugesaung)  Wetamulfuevensugesly
FINANDINIALATYBUNAT %aﬁu‘]'mmuazﬁ’mmssuwmmﬁnuasﬁﬂmgn Tneanidduduitaesil
zlumusudiessninanminiand ininendeRaving uar aedvWand aotuneluladnsy
FDUNTUDIAUMMITIANTEU

- 1 J d' U/ ' L3 L7 U
Tnaudedunviie widanfinwinisduasisviaisusenasvdmsuanduianislosauvedlany

a o : .

Wisuiigasmipednsy Jagiveiivsraumsallunisdaasieinuds wazyjuniuluiisuay
- & ¢ - Y 2 o o r
NSTUVIUMIATBUTY SAMs  asuulBugeiAUnaTuIndy RIntudniisuwesnunaiimunduly

NAABUNUSTULIAA IIANUBIATUNAMEINATIANILEN

.
b =l «

MREdTae Anggileavidonimuinaiinnisianulanevesnunasuindwnomain
NUAWNEIT Optical  beam  deflection lngutsfiueaniluassiin Auusn (nMadnidnd

a Y o - da 1 v 2 a va ¢ ot o
uningdefauing) ay setup sruuniaseionnasiniiogudiluviesyfliRuanaises @dlvun
Ingiuariismum) Aiunaes (nadeand anrfuweluladnszasuinddrnummsannsea) 9
Anwsyuuidenulngligunsalfanansiiesinni 1u laser diode, photodetector awausTUUT
dnuazisngnnin laspnfifeasfnymeassinanuldvevenunaruindluinanseinie

< (Y o LY Vo 1 4 o =
warAnwmnudululalunisw wmsw‘ua'ms'u'l'mmﬂ'sﬂu‘lﬂ«waqmuna'lumnaN'umma”.n W9
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lasanmmafaundmssdvlessuveddavsdsunluivugeiiieyssgndlilunisuwnd
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1.2 nOw]) SUNAFIM URL/HSD NTBVIUIRINAAYIIUNLIILITY
4 q. 1 . . - € e
WwulwesAuNaTuIndY (micro/nanomechanical cantilever-based sensors) iuiwuigesidana
= ] L4 | v .&’ [y [ <
rwazidyngs Jadulvgwulalundasganssmiusiavmen (AFM) Waluadanwiuiinvesianiil
a Y] .. & v P oo & '
mwazdealusyiulana [Binnig et al, 1986] lnsvhluudisurasaunaiidnuausifuuvisa
Y < v o o a RV v P a Y v ¢
uwanwnaguil 1.1 Suawamunilidafnediufl dauvaednsumilaiudase @neuzedroaiiuein
nsvlamiruind) Tagtuiimstueuweinunaiianvssgnilfifusuwe imaeiivasinweiia
#q [Fritz et al., 2000; Ji et al., 2002] medefvassugasuuumunszandadinliwazainm

s a d ] a + as ]
avidgalun1insinings meausfideladendszgndldaunaifivedwmivldiuaies AmM  Tag

dnaaulasdmiuduruiseslunissnivlessuvedanssanilall

—
100 pm

o . - o .
FUN 1.1: mdendasqansiaiBiarnsauvasaiunatunaiy [Fritz et al., 2000]

Jadenasilvezneuvieluanammziidesmsuunmefinuusuigesaunafemandeuion
YDAUTIUIYEIAUNAMIY 8130288 (functionalized materials) edndulamzlinanauioaynail
v | { v Y 0 Qv a v a ' v v
ApIn1s Waluanaiseamsgnindu avliiieauiduuuivesrunademaliniunalfasenie

o0 ' < . v 1 dad
Audimeuvesmunaldsuly (agun 1.2 Ysznev) [Lewrik et al, 2004] lnsanssndefifvu

v Y o o odv v v )
UBNIINITABIAWTOAANTBILATANTUIRWIEDERDUVI B luanNaTineInsle axdeslidwansenuvse
[] \rd o 3 s 3 [] o a ° L4 v <y
dwansenuvussigareanuauTRvausuresatuna (dnuuavminiuly suviliaunalfsense

Wemaluiderieufivziluanaisosnisuiniziin

"Tngmluiganunaninatiesiianumuidszana 100 nm @i 50 fm sasiirrmemuszana 100 & 500 Hm
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Mass Sensing

Surface Stress Sensing

<l ° ¢ . o o <l

JU# 1.2 mavihnureuwesuvuatunaluluie mass sensing iWun1siaanudimeuf
wWaguwladluieiisymanumziavuiomitveasuiged Tasanudindsuluasduiusivuna
a a . - o o o
vaeYMANNIUNILAR uaslnun surface stress sensing w3an13daraulAnevasmunailed

BUNANUMEAR

MnUsvauntsaliumsidenu SAMs weanaedidt (Wanichacheva et al., 2006] Sswunse
wisnuardansisiansiseiiinaumuntasuing faduduiiiaumundsmilsliangaves
asUsznauviniiu Tasmsdansisiasuszneudmiuainedu SAMs azfesdaaswiansusvnouli
fiduresanslden (alkyl chain) L‘?’ia'lﬁ'tﬁmmsa‘u’m’%‘aw‘u’a'lﬁ'lné’ﬁ'umnﬁqﬂ (closed-packed highly
ordered) fuantlitezud 1.3 mnuasharsussneuiiduaseildindauadasadrsluanal
mnzauiesnuianzlassuvadlanssanlatuinfivaanisniaain (@wves cown ether s
uandluguil 1.9) TnsraizgfideaziBandanssinasinuasmnsusenouiiiidusenauddgansdan
Ao 1) douiviliiAnnsdndulosausgiaamzinnzas was 2) dauditivg thiols (HS) iussduszney
melulmana  (gUAl 1.9)  Teoldudniiin exmeudamaferBanizldafuiuianes (favourable
electrostatic interaction) [Flink et al., 2003] FaunisiAdioudu SAMs uuwuasaunalwldnas

Fududpandovintheuamunamievnsadunsy
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L
Au coated Immersion time
microcantilever Closely-packed,
sensor .
highly ordered
SAM
Group-specific
intara~tinne
Alkyl N Intermolecular
groups
Surface-active Chemisorption

31]'71‘ 1.3: n15iim closed-packed highly ordered vaHduuU1s  Self-Assembled
Monolayers (SAMs) Iﬁﬂ'lunitﬁ‘ﬁ Group-Specific Interaction A 1UUUYBY SAMs AadIUvDY

crown either ﬁ'ﬂugﬂﬁ 1.4

Crown ' (\o/ﬁ

D
e
Co ol

SH SH

| ’ N «l o o
3U# 1.4: Taseadhevasanausznaundu thiol figndawadlassadraluana (Uinaduu

d ol () vVear o as ld } 3 } 14
Yu38n1 crown ethers) Wignduiannlossuvedlansdanalatifidanisinunle
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nMsinAmulAnevalgugasAunaniinlullsiilossuradlanssani latuinisiauuiionin
e & v a v v o .Jvl v ¢ o a da
AuzgRdedanldmaliamuas (rdrefufunldlundeqanssmiusiozasy) Weswndumalaiil

muhlunsasaiegs lneidedanfnvuasiauunaiianisinenulfsevesasugesamnane

o

35 optical beam deflection lagsjaniuiiazWaursTuvIuLIBRINIaaRdamldludssinelney

.

- & o ° v o (4 o o & v <
elvszuuindivunnidn sia1gn wazansatluldiuisuigesaunaiiaunduld Taegud 1.5

o 1 ¢ - o 1 J
UAAINN AT UUTANMLANB YUY L‘U‘UL‘UB%ﬂ"ﬂJﬂﬁ%\llﬂuL'U"I‘VN’]EJ‘U?JN’“J'J‘DEJI\JG')U‘/I&‘IEN

Position-
sensitive
detector Laser

Micromechanical
cantilever

Liquid [
~ Input
Glass slide

Thenmoelectric
cooler

Temperature
sensor

< o .
JUN 1.5:  awmlasnainsruuisanuldvevausuweiniunanjuagluaisazats lay

=2 a .

o <4 o o ] |
wuweiaunavsgniadnagiuufvionaradnla dedwanawesaunsanzarinld Waua
¢ o < a a v & v Y <o
e inTsnuiuIsuIge iAunaiinioudlenaauastu SAMs usarasvipundulunueuiseiia
° N .o e - 4
dunis (position-sensitive detector) vaumamsaasarawazgnioudnluluszuudeaiuqu

g iinae thermoelectric cooler uazlvuIYd FIRGUNAI

1.3 IngUsrasAvan1s iy
a4 o o o vo o a v v a o a
- westhaisuszneuniduaseiladmivideninduianizlossuveslansdivisy uiadsuilu
%U SAMs (self-assembled monolayers) UURIMTNUBAYULTDIAUNATUIATY
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1.4 unun1saniiuuidlaede

o o o awv o Y
A151991 1.1 ﬁ']‘iq\?ai“‘jﬂaﬁ'ﬂ‘uufrﬂ'ﬁlﬂﬂﬁ']ﬁ“'N

1AsanIs Milestones
Fuday 6 AU 12 18U
v o o P v P o <t a
1 - Teansusenaunduasieitas - Iwuwesaunasuindadundou

anudaslassaiiluanadmivdndu | fetu SAMs dwmduindulesey

lopaudifisy Aiou

- IAnanaasurnauiAnisindulessu

a a cal v <
ANYUIMNIYULGDINHRIUIYU

v o~ v o @ v o P &
2 - lhszuninmnulAvaiensdgauiu | - Wiveasussuufuisuweiindoutu

l’d o ﬂv [ A 1] A
U NWANNTUIINIATINMSEReN 1 | SAMs 9 nlasenisgesd 1

- lommasusruuiusuwesrunaios | - ssuuiafimunvaudwiuwamnly

Taildindeutu SAMs wadaly

=i ac 0 o o7 ] o
SSI.UUU‘JSQ'IIM‘UQ'N’JQUIﬁiQﬂ"lanﬂ‘Vl 1

1. osnuuuansUsznaudmiusnivlesavddion (LY Amnvauiayldluandded Tngld
Molecular modeling TﬂaLﬁaneTaLﬂi'wﬁa'ﬁﬂisnauﬁiwé’amush*?iqﬂ (complexation
energy) WaRnasUszneuddouiulsssulansiimilavislaviauiayiniy

2. Fuaswiansusensudmiuulessu Ay Aldeenuuuliudainduneud 1

3. Characterize lassafumaafivesansusenouiidaaszitulagly NMR spectroscopy
way Mass Spectroscopy

4. winufaihvenvuweinmunalasnsiadoutu Chrome/Gold asuuiguigaiaunade
75 evaporation ¥39 sputtering

5. @nvINTEUIUNSIASaUTU SAMs ULBUERTATUNaTUIRI)
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6. Characterize AiasiRvasiiduiadiuiloindovvusuigasauna Inel#i5ns wu
Atomic force microscope, Contact angle goniometer, Grazing incidence infrared
spectrophotometer, Electrochemical techniques uay Elipsometry

7. FnwuszAviamvensuesiinmuitiuin lneneaeunisdndvlessudidion (L)
Wisuifisuiulossusunudug wu lessuluden (Na") lesaulnuvaden (<) losou
upadea (Ca”")

4 ado a o o el
sleUUQﬁﬁ'\lﬁu@']u’JqUIﬁSQﬂqSElaﬂVl 2

1. panuuuLarasNsUUinAulANeYsIYuIYesAUNaMElD optical beam deflection

¥ L (4 - | <t
2. 99NUUULASHTNGIIVIALFULTDIATUNAYUINT l‘Ll’rNQWﬂL‘UUL‘UE)gIJ‘U‘U'IﬂLémJ'm AU

ATNYBIAIUNAUSEINA 50 ~ 200 Um §wEaTuILAnsiya manipulator Ieasa
align siumisasnunasumniuaLaduawesia
v 4 - :‘l o w «f 4
3. 99NUUVUATA3N chamber  wuaidn WhoRnsagaiamuaatasfuBalguigesauna
YU
) o P a & v o Y
4. vedsuszuvInleenaasuiguesaunandililandoutu SAMs
o o P al & I ' -
5. negouszuvinlagvaasiulgugasmunanadautu SAMs nlasInIseaavidia
6. AnsTUUNRRIUITULNUITUBSAINRIUITUIINlASINISHRaNNila tRanndulasau
a a .+ -l -t Y o al P Y a4 & da
Aoy (L) wWisudisunulessusuniudug wasidlsufisunaduirdosdieniivianiu

YiDamana LU ion selective electrode 3o frame spectrometer Hudiu



o «* « J
Tassmsnasiandasaiulessuredavsimenluwueiieuszgndlilunisummg

Tas vAuns AsenAnazane

< - ¥ o = av
ATTNN 1.2 MTNATUNINTIUUALVUADUNTANUUIUING (Gantt chart)

Gantt chart Tassnseasd 1

- a ] P X - «l - <
NINIFU leaun LODUN Laun LABUN

1-3 4-6 7-9 10-12

1. 8anuuvaisuseneu

o v v e 4
AMmTuanau Li

2. duasieviansusenau

dwsudulessu L'

3. Characterize 1a53@514
’ o P
NNLALYDETUTENDUN

duAsaevitu

4. \wdouiimnvsudulges

Cr—A
ﬂ'luﬂa'llu’lﬂ%nﬁ')ﬂﬁuﬂaﬁ

5. fnwnssurunisipau

v
U SAMs  asuuIdulrasAy
na
6. Characterize W&y SAMs
H <
ArfouvuulasAUNa
7. eaauUseansninee
O A

3 v &
Wwutgeaslunisaniulessu

+

Li

1-9



Tnssnamatanndnssdulessuredlavemanlusuwesiiouszgnaldlumsuwnd

1Ay vAunS MMsadnALasAu

Gantt chart Tassnastiasi 2

a P o a  a a o - o
NVIMITU ouUn ABUN wnaun ADUN

1-3 4-6 7-9 10-12

1. sannuustuvinaulal
WIRIMUnamMEWATANIG

uel

2. panuyuguduiaguiges

ATUNATUINTD

3. PANUUULATAS I

chamber vurndndmsuda

« PRy &
YUY IATUNBNNRIUIYU

4. NAABUSTUUINYULEDS
o o ™M v P &
arunandaluldinfoutu

SAMs

5. YAdUSLUUINNU
WUaIAUNATILAAUTUY

SAMs

6. veadauUsTaNSA NYDY

syuvuswiuLguIgasiuns Q A

sndulassu Ui
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1.5 UslouiléTuanniside
- <y ol a « 1V 1 o

- lﬁuaﬂaqq‘lﬂuﬁquuswqu’)ﬁqﬂ'ﬁuaz/ﬂﬁﬂ WWHWLNHLLW{Lu'J'ﬁa'ﬁ ‘h-luaﬁlﬂ'n 2 19
at ° Py - v =) - o ' P v

- fmmudulflunshuemidediveneydvsvasviedndins uasdeseafleathauas
v d A a Pé an - a €1
Wﬂlu']lﬂiﬂqua'nﬂ'i']zwua5'JUQQEJVI']Qﬂ15LLWYIEﬂulﬁﬁwqmﬁﬂﬂﬂ‘lﬂ

- e : o 1 “ & o a o

- ranudsiidulasinmaihseslumsiauieugefinvsinalessuvessnlevsyiindus

sioly

[J - = e J A
1.6 ﬁ']'mé'll.%ﬁlil'lﬂﬂaﬂ'ﬁﬁ'lW‘Uﬂ"ﬁ']ilﬂlﬂﬁﬂ‘“ﬂﬂ

- gnsadaasiesiansusenavdmsulesndulessuvesdiisula

AUTOATBUTU SAM asuufIninTalsuEasAIuNadIle

loguuuuszuuin optical beam deflection dwiuimiuwissanluinadides

- . . 4
Lauanaﬂu'luaﬁuﬂiz'qm'mms Siam Physics Congress 2 1399

t
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Tasainsmsviannianatulessuvedansisnluguge fifeussgndldlunisuwng

1ag vAuns ArseFnALasAue

uni 2

ATSIASTURAZNISIARIUTUY SAMSs UULEULESATUNaR2

atal af v
2.1 nBHNNYITBAN

-

LYULEDSAMUNAVUINTT (micromechanical cantilever-based sensors) iWuuigefinaiisiainy
' ¢ v P v X a
Twararaidongs ﬁqaqu‘luzygn‘lﬁ'lunaawamiﬂﬁusaazmau (AFM) ineluasanwiuRnves

o

Fanfifirmavidealusedulinana [Binnig et al., 1986] Metefveasugaiuvuaunadandny 3
unWeaulnianyssgndldidueueeimaniivariinmeiianng lidasldnsmadu fiduwe (Fritz
et al., 2000] loszmevessuida TNT [Pinnaduwage et al., 2003] uazn1siaArarundunsadiusinag
vaasLall Ui et al., 2001] 1ludu ﬁa&uﬂmsc‘ﬁﬁﬂﬁqnﬁaszzqnoﬂij’munaﬁﬁmaa‘hn%’u‘l{fﬁum%'m

AFM wndiawaafurugeslunisiniulessuredanssanila (<, Na* waz LiY)

noyuwadAglumsltisuresmunasundnfistnanisusunuveslossuseslansdanlad
[ o 1 4 4 Led «“ 3 . . .
Uzduegiulossurassigdugluaisazais ldun madenld ssfada (functionalized material)
Wil (1) awnsefanglafvueugesauna (2) Thiwindeslivunuaswiniuly auvily
v < J o o v a do o d < o
munalaswevialdemgludenauiinziluanafisoinsuunsiio wasiiddyilan (3) fmwsuwy

v v < =Y Vet
Lﬂqgﬂq.lun'ﬁﬂﬂﬂ'uI.qusiulaf]a'vﬂiaauﬂqﬂﬂmﬂﬂﬂqi‘lﬂﬂ
v o« ae vy i - v o ' ara <
m591'Jaa‘mlﬁl.n‘l:’.‘lﬂﬂuaﬂunizﬂuwiadﬂNanS:m‘U‘uaUw?jﬂﬂaﬁ.mau‘Uﬂﬂaﬂl.‘duwaiﬁ‘mﬂa

VNMTNUNUBNATNWITENUIT arsusensvuntiinannsandsvtasinisiniduiurasiidy
o - o o v & a o o v
vniliaumuigmilaluiana vie monolayers  ldvuiufivvesgiusesiiviunainuia Tany
penlys (metal oxide) uay v lasansusenav alkyltrichlorosilanes axBadnldduuuia [Sagiv,
1980] fatty-acids avBianmyladiulangeanled [Allara, 1985] wazansusznauiiil sulfur-containing
a b o o J - J o A $ .‘; « o
adsorbates aiNAAlARNUNURIYEMBIA [Nuzzo, 1983] NNTARTNEIUYREWSH narulu

1
(Y « ]

° & o < Vi P | o & w P | v
Tanfanansmihussgndlifuisueeiaunaldieuavazmniige (feswnvesdiuianfifldey

e

(Y

umlunszuviumssdnguiges) Aniululasinisidell uzditedudenlfivuvesaunadafiinns

a A a v o o o a4 a & < vy O .
LAGDUNUNINIENDIAN imm‘smaa‘uwmm‘uaawwaasmunamwwaa Chromium #u1 5-10 nm
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lesamsmainnndnsedulessuvedanesiunlusuee fieUssyndldlunisuwme

s uAuns MsdnALazay

o a - o v a v L4 o o aa < aa
(WarfarssvSnmlumsimevemasinulamivessuresaunadeitandanau vwie danaulu
larsel) uchenusetunesdt murdsyana 50-200 nm Tneanssedeasdnuadasaiuluanaves

e . - .
asUsznauniivg thiol (W38 HS-group) [Flink et al., 2000]
fsmgenisnsuianilossuvesiwunaPon Tady uarddion

Flink wavanuz [Flink et al, 1999] sieenAinnsdaasiziuaznisadresdu SAMs 189 crown
ethers vuiuAMBIf dmiusndulessuuinvaslans (metal cations) Tneth monolayers U84
12-crown-4 adsorbate 14¢ndulesouvesledion (Na) I fu monolayers ¥83 15-crown-5
adsorbate Way  18-crown-6 adorbates (93Ul 1.4 Ussnau) fawanunsalunmsdulessuves
Tnunandon (K') Taedu monolayers ¥81 15-crown-5 Wnusnduianzlessuves K #iian du
mssinduloseuvessmdiiion (L) 914 monolayers ¥4 21-(16-mercaptohexadecan-1-oyl)-
4,6,13,16-tetraoxa-1,10,21-triazabicyclo-[8.8.5]tricosane-19,23-dione 3'1' 351997ulay

Wanichacheva [Wanichacheva et al., 2006] lnglaseasnusauwas Li' u’s‘lmﬁqgﬂﬁ 21

oY M,.,.. Py

d -] - “ o - -
UM 2.1: TaseadnvesasusznouiBadauduiudnduianiylossuvesdiiioy [Wanichacheva

v

et al., 2006]
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2.2 A Utiun1579e

2.2.1. sanuvvdrsusenaudmiuaniulesaudiiisy (L)

Tuaideilaeld Molecular modelinglunisesnuuulossusugeidwiulessvdifion (L")
IﬂsﬁntnmqmaﬁawaqmsﬂsznauL-Bqﬁauﬁtﬁﬂ'ﬁ"umnnnsﬁwmmwé’amuuadmaqan'au TLEATEN
nsiiaasUsznouiiidouvansuigeinulosousuwesdmivlessudion L)  Tasauiden
duaswirureiilissiundinuhaamendmsiinasussnoudfoufulossulanswinyieln

a 4 O
vilantayiniy
2.2.2. MstiuasIEilguIges

- o - o P o a = = Y < Y]
'lua'mmauﬂzmanaal.ﬂs'wwwuL-ua's'ﬁ'msu‘laaauamau {ngenaiinmsusuldoudunienms
dupswinnisnisilasienuinieuniud) [Flick et al., 1999; Wanichacheva et al., 2006] lng
& & 1 © v ."; A’ - J d <
L‘auwaimnanmxgnu'ﬂﬂa'm'uu self-assembled monolayers (SAMs) UUNURIYBINBIATNLAGDY

sguuvBITUesAUNG F3BnsTuntsadne SAMs vuiufvesTagdendniuesesildlag

o v s v v o X ey
1) mimuﬂaﬂﬂsaamwamuwas UAETN SAMs AuRuRIlnenss

e

v 1Y . da . a d v o o
2) 830 SAMs measusznay alkyl chain il active group tiindunau udrIniieuigesi

= . o aaa av a oo o d‘
4 active group uwiTUjiseuunuinBnyinds

asiduaswilaudiiuasgniwuenuiavslagliisnialasuilansns i (Chromatography)

wazthinszylassaumaaiilneliiinmeaalnsaletll (WR uag Mass Spectroscopy)
2.2.3. 1151AABUTY SAMs UuRIvtinvauwulwasaIuna

Raminveasuigeiaunassgniafioudis monolayers  vesansiiduasisiiumlasnisqu
¢ Py ‘v < o o < < o &
wuigaimunaadlulumsfiduasividuanduguin 3 ielfiousesmunaiivssandningean $u
d a o v e W Y oa v o & [Ty
SAMs  Miadeu Sulusiesdinruminaueviiailamihwesnuna dufuanzdidoesdnuinaves
< 1 d - v J [}
ArnWaIRAY SAMS densidisuulawesguugll eranduiuresansazats uazailunisque

luarsazans  Tasndseinaiietu SAMs  vufiumvemesrudy  Rawtusasuesostily
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Tasansnsianimsadulessuvedanzisunlususesiieuszgndltlunsunng

- ¢ o £
Tag vAuns Msednauazpue

characterize ME38N3Lu Goniometer, grazing FTIR spectrometer, Elipsometry Uas AFM Lo

y - & et o o o & a &
mRaulunsindeutu SAMs idfige Giauainausivsiamihussrnuna)
e «d o 2
2.2.4. maasauANENTATITUIYISIRRILIYY

Tutumaugavieveaniside L‘i'mz.ﬁwwuwa%ﬁﬁ’mm%u'lﬂﬁnmmsﬁ’na‘iu'laaauﬁtﬁau ()
Wisuisuiulessusuniudug Wefinw selectivity  uae sensitivity  Sauviagaeaadudui
iwuiwasasaviienils (working range) Tagl#38n19v 9y W cyclic voltammetry, impedance
spectroscopy #3a ion selective electrode immaluiisufsuyszavisnmiuialulasiniseos

i ° cal & :%’ 1 o [y v v o
iges (maugureinianniulylfuiussuuiamnulAvevasmunamematiaoniaues)
ayutureuAuiiuvauivy

1. sanuwuuasUsznevdmivdnivlessu iflen L Amnzauiiesl¥luanddet tneld
Molecular modeling Iﬂmﬁane‘i’qLﬂﬂsv'lmsﬂsznauv‘ﬂiwé’muv‘hﬁqmﬂmﬁmmsﬂszna‘u
Betouriulosaulaveiiaulaviinlaviaviaviniu

2. duassviansusznavdwivivlesaudidien Mdsanuuuliudantuneud 1

3. Characterize Tasaaaniafivesarsusznaufiduasisitulneld NMR spectroscopy uaz
Mass Spectroscopy

4. wisiRaowhueasuwesaunalaen1siadoutu Chrome/Gold asuulwuwaAUNadeTs
evaporation %39 sputtering

5. ANYINTELINNSIAROUTY SAMS UUTugasATUNaTUeY

6. Characterize AuawtiRvasiiduiiaiiudoindovvueurasauna Tneld33 1wy Atomic
force microscope, Goniometer, Grazing FTIR spectrophotometer uag Elipsometry

7. Anwmsliisugesiiauniundndulessudifion LY Wisuiieuiulessusunudug

) - 2
wWu losulwunaiden (K) lossuludon (Na') v3e lessuurai@e (Ca”)

2.3 Han1SANEINSAENETIUSENBU SAM dmsuandulessuvesdiiey

nauadrdglunislfisuweimunavuisdifioTaanizudunnveddessuvalansdanlal
sUungfivlessuraswsmdugluaisazais Toun nasiden arsfiae (functionalized material) ¥3e

o =J “ L4 &£ a4 v oo al v v 1 da
SAMs ﬁmsumaauuumwm‘naal.‘u'ul.‘uasmunaLwaﬂmu'laaau‘uaﬂammaemi lngasimaena
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Iﬂﬂ Uauns ﬂ15§ﬁnﬂu33ﬂm3

uudpsdinmuaud (1) annsadanizldfvusugeimuna (2) fhmindeslivuuazminduly au

o ' < { a de o &
mlimunaldveviademeludenoufinsiluanaiiseanisuinisin uasiiddiign 3) 3

o b ]

pmdumnzzluninduawnsluanavissynadineansléas

NNaN15ANY Molecular modeling Tt lfansusznevdmiusniulossuvesdifioniil
MMz Tnafenansuseneuiilindeausiiiign (complexation  energy) ilaifin
asusznauidedounuloseulansvesdiiion uwudaeduanaiioanuuuliuansdeguil 2.2(a) agals
fnu e ansuszneviieanuuuliiinuansadameldfvueueaiauna 13 udugos

AnuUasansusenauninam

—

O o
N

o_;)
(o]

)

(o]

\/\/\/\/\/\/\/\)OLZ

HS

(a) (b)

d ° L] @ o o -
JUn 222 (@ uwuvdraesluanavasarsusznaudmiuaniuleasuvasdiiion (b)
o o . .
lassafsluanavasansusznavieanuuutulnenauvasdaumsliiiansussnauvaany]

R
thiol INBIVBANUBLADUYBINBA

VNNIIUMUBNESIATEWUI el ianfiaansadnnussgndlifuisuisesatuna
' < 4 o v dany 1w a o v O
ladouazazmaniige (Hesnvesindutaniifllfogudrlunssuiuntsudniouiges) dufuly

a5t Ausiideladenfnwianssdende SAMs figaAnldRtuuRmesh Tasarsusenaud
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lasamsmsimundmsdvlessuvedansimanlususeiieussgnalilunisummeg
Tng vAuns Asedndacans

sanuuulinzgninuyadlasiainluana lnsmsdnlasiadreves Anthracene  88n udasiedae
r-!lnl ] - =) J « t 1 - o ¥ o -] &
a1sUsznauniivg thiol (138 HS-group) Balidruvasaslgsn (alkyl chain) telviiinnsinGee

v o 1Y P Y < < v
Tilndfuanniigayes SAMs fwuansluguil 2.2b) Taenszuaunsdanseiansussnaufissnuuyls

9 <
waenIgun 2.3

HO% O Soch, diaza-18-crown-6 Q OYO (o]
N. O ’Q N
L o reflux,, 30 min DIPEA, CHLCl,, 70 0 [o]
HO O N N
Lo\_/o_)
8 20%pliperidine .
o ry o in CHLCly, 10 min
(] o \
Q Q Q [o]
(2:/‘\&3 TBAF , (MeySi);S (t/‘ \&3 1 dog\\
N N - N N N
¥0\_,0—) THF, 181 &0\_/0—) DIPEA , CH,Cl, 24 h <‘—o\_,o—)

SOCl,
H ———‘—'—> Br
[} reflux, 30 min o]

=] v as ' 0 v W oW a a
JUT 2.3: Wumedaassiasusznaudmiuandulessuvesdifioy
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o < «
arsusznsuduaniluzun 2.2(b) gndaasiesinuununn 1 uay 2

o
UNUNTHY 1

i soc,
er,
\/\/\/\/\/\/\/\/u\oH —— -3 \/\/\/\/\/\/\/\/u\:I

reflux, 30 min 1

<
UNUNTNN 2

SOCI2 dtaza-18-crown-6 -\ I
reflux, 30 min ] DIPEA CH2Cl,, 7 h

20% lpendme in 7, ° °
CH2Cl2, 10 min o )
o :: [e]
~N >
<_*_ _/A> TBAF, (Me,Si),S
—_——
DIPEA in CH,Cl,, 24 h in THF 18 h.
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I-4 I
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lasnmmsirnndnseiulessuvedansinntumusesifeuszgndldlunsunmd

e vAuns Asednfnazaus

n151AS8A 9H-9-ﬂuorenylmethyl—19,23-dioxo—4,7,13,16-tetraoxa-1,10,21-triazabicycle

[8.8.5] tricosane-21-carboxylate, (i-2)

1d N-Fmoc-iminodiacetic acid 1.78 g (5.00 mmolluiafunanuunaanild thionyl chloride
15 mL (21 eq) Tdndasazarelunan 30 witferldasussnsy 110 9nfurda thionyl
chloride sanlnelfindnassmedvihavany thansildazanslu dichloromethane (DCM) 250 mL
niild diaza-18-crown-6 1.31 g (1 eq.) wa¥ diisopropylethylenediamine (DIPEA) 2.6 mL (3
eq) twewaudng stir Wuna1 7 v dleasunaiinisida DCM war DIPEA Tagldirdes
ssmeivharamevmiuhasiildazansly DOV 100 mL 1hluadaanundee 2 M HCL 100 mL
s 1 adwwaniwiudu DcM fdaidae MgSO, Mdn DCM MslaIpastivesyiazaed 40
°C arldveaudedvn mnutenvewmaylagld chromatography (column 15 cm x 7 cm, DCM:
methanol 15:1) I@asusenoy (-2) Winandnvosudedun 2.03 ¢ (70 %randn) Rf = 0.5 (15:1
DCM: methanol); mp = 181-182 ° C; 1H-NMR (400 MHz, CDC13), O 2.64-2.82 (m, 2H), 2.92-
3.09 (m, 2H), 3.50-3.87 (m, 16H), 3.88-3.98 (m, 2H), 4.05 (d, J =16.67 Hz, 1H), 4.13 (d, J =16.67
Hz, 1H), 4.22-4.35 (m, 2H), 4.36-4.47 (m, 2H), 4.47-4.55 (m, 1H), 4.58 (d, J =16.67 Hz, 1H), 4.81
(d, J =16.67 Hz, 1H), 7.25-7.44 (m, 4H), 7.56-7.67 (m, 2H), 7.74 (d, J =7.58 Hz, 2H); 13C-NMR
(100 MHz, CDCL3), 0473 (CH), 47.7 (CH2), 47.8 (CH2), 49.2 (CH2), 49.4 (CH2), 50.4 (CH2), 50.4
(CH2), 67.5 (CH2), 67.7 (CH2), 68.1 (CH2), 70.5 (CH2), 70.6 (CH2), 71.0 (CH2), 71.1 (CH2), 71.7
(CH2), 71.9 (CH2), 119.9 (CH), 120.0 (CH), 125.4 (CH), 125.7 (CH), 127.2 (CH), 127.3 (CH), 127.6
(CH), 127.7 (CH), 141.4 (CH), 141.4 (CH), 144.2 (CH), 144.5 (CH), 157.4 (C=0), 168.9 (C=0), 169.2

(C=0).

2-8



«

MILANEY

uiruigeieszanalaly

1

v
AITUT

o,
o

dulossueilan

RAURINTID

o

lasanisms

o
o

fAUNI MSFNALACAN

«

-

JETRY)

~ -
(O w -
wun -
®
mmm

wdd

62E1 "¢
(660

~JEIE'0

1rabaju;

o

ot

TTrYYTTT

T
10

ppa

H-NMR v94d15Us2nau -2

1

U7l 2.4



lassmsmsiandnmduleseusedansiesulusuwesiieussandlilunisurmg

1oy UAUNT AsdnAnasAMe

7
7l
71

_——«———-—««««—«—«—««—“«—«

A}

U 2.5: PC-NMR vasansusznau 1-2

A9LAS8Y of 4,7,13,16-tetraoxa-1,10,21-triaza-bicyclo[8.8.5}tricosane-19,23-dione, (I-3)

i -2 0.49 ¢ (0.84 mmol) aza1wME 20 % piperidine Tu DCM $1uaw 20 mL Vaeslsiansvih
Ufisenniu 30 uni antiurindn DCM way piperidine fheir3assemesviazaned 40 °C axldans
\Wuvemiladindes aumesusnveswaulagly chromatography (column 15 cm x 7 cm, MeOH:

Et3N 25:1) Idivasudslalaifid (-3) 0.28 ¢ (93 swan@n). Rf = 0.4 (25:1 MeOH: Et3N); mp. 279-280
°C; 1H-NMR (400 MHz, MeOD), & 2.81-2.88 (m, 2H), 3.29-3.39 (m, 2H), 3.53-3.92 (m, 20H),

4.19 (d, J =16.67 Hz, 2H), 4.32-4.51 (m, 2H); 13C-NMR (100 MHz, MeOD), & 48.9 (2CH2), 49.4

(2CH2), 51.3 (2CH2), 69.0 (2CH2), 72.0 (2CH2), 72.4 (2CH2), 72.5 (2CH2), 170.0 (2C=0).
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1y vAund MmsnALazAuY

opm
—169.974

—nse
-
o
]
==

e
L

3Uﬁ 2.7: C-NMR vaassusnav 1-3

NISIATEN 21-(16-bromo-hexadecanoyl)-4,7,13,16-tetraoxa-1,10,21 triazabicyclo [8.8.5]

tricosane-19,23-dione, 1-4

1 16-bromohexadecanoic 0.99 g (3.00 mmol) avaelu thionyl chloride 15 mL (21 eq.) W
dndansazaneune 30 uri anduirda thionyl chloride MerSpessmemviasateit 40°C
mnﬁ':uasa'wﬁ'w anhydrous dichloromethane 30 mL #aunld -3 1.11 g (3.10 mmol) wag
DIPEA 1.4 mL (7.70 mmol) Vaeelwinfisenduiigamgiveadunet 1 u vhnsida DIPEA
wadvararefieinasssinefivhazatsuuvanm Ly nfuhasiildunazarede
dichloromethane100 mL ¥hmsafnanuafaie 2 M HCL 100 mL uaznilsnfisneniuaraaieia
T8 organic layer uade anhydrous MgSO, iansfildssiesviasanusandieiniasseives

Wavatsuuvannuiy  uenansuEusiae column chromatography (DCM:CH30H 20:1) aeldans

2-12



TassmsmsiandsmaiulessuedlanssmounluguveiifioUszgndlilunsuwne
Iny uRuns Asednfnaan

viuAned 11110.96 ¢ (72%wa@n); RF: 0.32 (DCM:CH3OH 20:1), 1H-NMR (400 MHz, CDCL3): &
1.10-1.49 (m, 22H), 1.56-1.75 (m, 2H), 1.78-1.92 (m, 2H), 2.29-2.42 (m, 2H), 2.62-2.74 (m, 1H),
2.74-2.87 (m, 1H), 3.11-3.09 (m, 2H), 3.41 (t, J=6.82, 2H), 3.44-3.77 (m, 16H), 3.77-4.03 (m, 4H),
4.17-4.45 (m, 4H). 13C-NMR (100 MHz, CDCI3): & 25.2 (CH2), 28.2 (CH2), 28.8 (CH2), 29.5 (CH2),
29.5 (CH2), 29.6 (CH2), 29.7 (CH2), 32.8 (CH2), 32.9 (CH2), 34.2 (CH2), 45.5 (CH2), 48.4 (CH2),
49.3 (CH2), 49.9 (CH2), 50.5 (CH2), 50.5 (CH2), 67.0 (CH2), 67.5 (CH2), 70.0 (CH2), 70.6 (CH2),

70.8 (CH2), 71.0 (CH2), 71.5 (CH2), 72.3 (CH2), 168.5 (C=0), 169.2 (C=0), 174.2 (C=0).

D I I

o
8.
5.
5.
4.
LN
3.
3,
3.
3.
3.
3.
3.
3.
3.
3.
3.
3.
3.
3.
3.
3.
2.
2.
0.
=0.

Facsy

' l I S

8 i ntegra)
»

o~
o
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{ay vAun? MdnALasAuE

pom
—174.208
169.169
168.545

/
:
\

gﬂﬁ 2.9: "C-NMR vaaansuUsznau 14

N15LA3BY 21-(16-mercapto-hexadecan-1-oyl)-4,7,13,16-tetraoxa-1,10,21 triazabicyclo

[8.8.5] tricosane-19,23-dione, II.

"1 Direct mercapto-dehalogenation 84 alkyl halide Guvnld 11 0.80 g (1.20 mmol) avay
e dry THF 1 miL wasviilieanswauiigemndl <10 °C Wunan1o min.  vnduld
hexamethyldisilathiane ((Me;Si),S 0.29 mL, 1.40 mmol) uastetrabutylammonium fluoride
(TBAF, 1.3 mmol, 1.0 M solution in THF with 5% waten)1.29 mL Uaselviasazanevinufisen
Tneviwiferiigamgiiveatunat 3 2lus  dlarsuaild DM 50 mL uazafmamadedne
a'lia:,'a'w’r‘i'uﬁ’) ammonium chloride WONUDINANAIY  column chromatography (DCM:

methanol 20:1) exlfanisiudindes 0.45 ¢ (62 %randn). Rf = 0.27 (20:1 DCM: CH30H); 1H-

2-14



TassmsmsianndnsaiulessuvedlansimsulusugeiifeUszandlilunisinmg

ne vAuns drssdnAuazaAue

NMR (400 MHz, CDC13), O 1.12-1.50 (m, 22H), 1.52-1.74 (m, aH), 1.79-1.91 (impurity), 2.30-
2.45 (m, 2H), 2.51 (q, J=7.07 Hz, 2H), 2.62-2.75 (m, 1H), 2.75-2.86 (m, 1H), 2.92-3.10 (m, 2H),
3.41 (impurity), 3.45-3.76 (m, 16H), 3.76-4.00 (m, 4H), 4.20-4.49 (m, 4H). 13C-NMR (100 MHz,
CDCI3), & 24.4 (CH2-SH), 2.9 (CH2), 27.9 (impurity-CH2), 28.1 (CH2), 28.5 (impurity-CH2), 28.8
(CH2), 29.2 (CH2), 29.2 (CH2), 29.3 (CH2), 29.3 (CH2), 29.4 (CH2), 30.8 (CH2), 32.4 (CH2), 32.6
(impurity-CH2), 33.8 (CH2), 33.9 (impurity-CH2), 45.2(CH2), 48.1 (CH2), 48.8 (CH2), 49.5 (CH2),
50.1 (CH2), 50.2 (CH2), 66.6 (CH2), 67.2 (CH2), 69.8 (CH2), 70.3 (CH2), 70.5 (CH2), 70.7 (CH2),

71.1 (CH2), 71.9.(CH2), 168.2 (C=0), 168.8 (C=0), 173.8 (C=0).

pom
10.9734
10,9104

9.8021
8.5498
B8.0574
8.0398
7.4229
7.4188
7.2334
7.108%
7.0892
7.0232
6.8148
6.7948
6.7342
5.3383
8.3343
5.2338
5.1916
4,273
4.2651
3.8617
3.8406
3.7302
3.7077
6688
6708
6550
6376
6150
5899
5718
8455
5233
5115
5027
3914
6563
6175
6019
3674
3639
3478
3439
3238
2443
8797
86

S T s

=

- o ~ wilnjwiniwi=~olwiivsionio
& el P L I ! (51 e A e et
< (=4 ™ v:o«oo««omg
T YT IGARAREA RS REEas 2o N s IRARAERERRS SRS LS ) IRARARS LSS SRS AR S Es s, e
ppm 10 8 6 4 2 0

guﬁ 2.10 'H-NMR vasasusznau I
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lae vAuns MmsednaLazAue

LI semsor for gotd surface
R-SH 1 (1.555) Scan ES+
100, €52.44. 42208

(-]
b
-
-

guﬁ 2.12: ESI-MS vadsUsEnau i

»
2.4 NMSIASINYU SAM
-l 5 - L2 (3 1 [ 5 o n‘l’

ATTUIUATIATEUTU SAM VUEIMNYBLuwaTAIuna wiseandu 3 Junausil
- MANMNAYDIRRIVUN T ULTDTATUNGIN
- PuruweIMUNaIaUIITaTaTy thiol Awieuliaududu 1 - 3 mM Tu ethanol

< )

Wuan 24 - 48 4l

- gAY rinse Ay ethanol udwhiruwiilealduialulasiay

Tnetunouiiddgilgn fio nehanuarerfiathveseuivedatunaia Aoudazilugaly
ansazany thiol Bmsfilivhmnuazenfmiilaeialy widlnsgueumveirunataduasazas
piranha (70% H,50, uag 30% H,0,) "5 Yauasesimtnlaglfiasewinmuazetawanasin
(plasma cleaner) lagAsfaesfimumnzandmiunmsyhamnuasamiviveasulesnunaia

o v edou & Y a < a 3 a
williaswnazineindade (FhewlszannveanAvniiand auzineemans udauing) ieaw
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Tassnsnmianndnsedulessuveslanvdounlusugs fifeuszgndlilumsunng

Taw vAuns MmssdnALazAne

]
o4 o«

" v XY ' P tYaw 2 o v Sacs - v °
adanbivumelutnlasimsiaiuis fdedsnduseddisnsuuudon viensdraianu
arpInRIMIINYBITUIasAUNaYEAISALaNe piranha
- . > Y o v « a
ellsansazans piranha  1WuNIATULSY uazdedldarudiungglunisdaguisesriunadn
Yoo ot Y Vo v - a 0 < a v ) aat aa v
AnzgIdedalavimsveassdnuasinionfamihvassuwedmunadatheiu 2 35 Tae¥susn 14

solvent Wuvdn Wasmnannsadanisldiazmnnia Tnensguaiunaialu acetone 1fusvozinan
10 wii ludedaniledin muwae IPA 10 undl lusdoniludin uazfaily ethanol n 10 unvi 357
apafieTBunsg Inensgueuwaiaunadaluaisasans piranha Hunm 15 - 20 wait 9y
vadean1sBamzYastu SAM  uufamthwamasdidasiades contact angle  AiWmuTuD

A Wand ansInednand ava.

0 M asndaenldii DI
uvaaniinuas v oan
NaRINDa
777 A
,;;;; 7 //AJ
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3.2.1 2vstulawaslalan (laser diode driver circuit)
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3. MU 10 kQ 2
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5. feunIu 10 Q 11
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7. apvuaw 07 (OPO7) 16
8. wnainuliawsasiu 6 -9 V (power supply) 16
9. o3 16h
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l
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(Mude) ASsas 0.2 mm uihtuiindussdueninvauniduatawesasmanoonuen

< v e d ¢ @ d o ' o ea 1

LBULEDSUUU PSD wandudeueuiwesuuy PSD nduandisumiusn (Faasuindndiien

WS YINNgaER)
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Tassnsnaianndmseiulessuredansmsunlususe iteussendlilumsunng

oy uAung Arseinfnasany

v o = v
6. umidpuiwuigeiuvu PSD  Tnsunuideusyuu XY lunesduannia - C anmia D
(A1) ARaE 0.2 mm whtuinAusiueimunIduaaITesITaneanuen
v A < Y f o ' P cai
IwuwauuY PSD uidadeuruweiiuy PSD nduniiFmumntausn (fneesuandndiian
useiuleYinngean)
- A L IR o L3 J o = 1 24 2 L] 1 . o s [ d
7. Welddwssueniwniivuiinnnde 3 - 5 udniudazAusedueviwumeaade
L 4 o ' L « Y L 4 o & ]
wimensmlasfiunu X Wudwssdueninniialdnniesuindnduazuinesay dw
unu Y Wustarvaesmsunuidou (A3sas 0.2 mm)
< v o v v e
8. wasunssuaRlvivaaesmununsuaniaualadiiu 25 mA uaz 50 mA udwhns
naaawmwle 3 - 7

9. AATIARANITVINADY

10. agUnan1svaaes
NANTISNARDY
MINARBITLANIAFUNUSTENINUTIUD IR (Vour) vaalWlnlalen (Photodiode) fiu

[ 1 do 4 1 <
GI’]I.I.‘WUQ‘VI&']LLENLﬁL‘IiaﬂﬂiaﬂﬁlﬂﬂiSVIUL‘U‘UI.‘UEﬁLLUU PSD ﬂiimﬁl.ﬁ‘Uﬁi'JJJLLﬁQ

P -
-Qoulvmsveasin 1

srgssEVMaweI NUaUdTINLEY 11.5 cm
STHLWNTEMINNAUF LA ULUDTULUY PSD 55 cm
nssuavsaLEeslalon 10 mA
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o o L » d
Trssmsmsiaundasesiulessuvedansimounlusugesiteussgnalilunsunmd

{aw vAuns FrsednfuasAue

el o
A15197 3.3 uanaanlannimaaaslaglinssugvaniaiwatlalonasiin 10 mA

suudauTuI XY Vussicso) (MV) Aady Viasanicso) (MV) Aady
(mm)

0 -1.04 -1.82 -1.43 -50.45 -50.88 -50.665
-0.2 -32.86 -3343 -33.145 -53.68 -54.2 -53.94
-04 -35.76 -36.18 -35.97 -53.97 544 -54.185
-0.6 -36.71 -37.24 -36.975 -53.68 -54.79 -54.235
-0.8 -36.5 -37.1 -36.8 -52.7 -53.43 -53.065

-1 -35.63 -36.14 -35.885 -51.57 -52.05 -51.81
-1.2 -26.83 -26.53 -26.68 -42.71 -42.3 -42.505
-1.4 -7.43 -1.3 -7.365 -23 -23.22 -23.11
-1.6 -1.35 -1.28 -1.315 -16.81 -16.74 -16.775
-1.8 -0.79 -0.74 -0.765 -16.02 -16.03 -16.025

-2 -0.2 -0.18 -0.19 -15.48 -15.5 -15.49
0.2 34.01 34,14 34.075 -55.19 -55.58 -55.385
0.4 39.92 40.5 40.21 -57.24 -57.85 -57.545
0.6 41.88 42.43 42.155 -57.13 -57.74 -57.435
0.8 42.47 43.14 42.805 -56.93 -57.44 -57.185

1 - 4212 42.79 42455 -56.1 -56.46 -56.28
1.2 35.68 35.8 35.74 -49.68 -49.5 -49.59
1.4 13.8 14.06 13.93 -27.21 -27.65 -27.43
1.6 4.38 437 4375 -1791 -17.82 -17.865
1.8 3.01 3.02 3.015 -16.18 -16.16 -16.17

2 2.16 2.18 217 -15.14 -15.37 -15.255
2.2 1.84 1.83 1.835 -14.92 -14.94 -14.93
24 1.6 1.6 1.6 -14.72 -14.72 -14.72
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Tasamsmawanndmsasiulessutedlansmounlusuzefineyssgndldlunisuwme

1ae vAuns MsefndAuasAue

o o d [ & Ao d
ﬂi'lﬂllﬁﬂqﬂ’J1Nﬂ“‘wuﬁ5S‘H1145383[68““&1“?(41&!"0Sﬂﬂﬂiz‘nﬂ

(UYL PSD ALUSIMIB YN

L0

I PP
40 :.. N
\%’ 20-; .
[ & (A+B)-(C+D)
§- v vt P00,
~E ¢ 5 4 @ (A+B)+H(C+D)
s P ¥an - 20 ! puénw 1
= u )
P ° Y L
2 a®t* %0
] ]
...-63 Sgmasn

QN0
v ~OU
o

F 4 ¢
ITHLDUNUTUANDIANN IS NULN UIED LU PSD (nm)

Yy ” o g ' a4 ado
JUN 3.16: nsmuaasanuiiuiusssndnssazifounauauagainnnsTnuguIwasituu PSD

fuusaRuieinn nsdlldiaudsuue

P= 1 o P
a15197 3.4 uanmanldannisnasslaslvinszuavenaiveslnlonasiif 25 mA

svpidoussuny XY L4 o
Viasa)(csoy (MV) AlRaY Viasgysicany (MV) ANRAY
(mm)
0 -3.14 -1.21 -2.175 -102.34 -102.35 -102.345
-0.2 -80.71 -79.16 -79.935 -110.48 -109.53 -110.005
-0.4 -87.23 -86.19 -86.71 -111.02 -110 -110.51
-0.6 -89.7 -88.52 -89.11 -110.38 -109.22 -109.8
-0.8 -89.56 -88.2 -88.88 -108.7 -107.47 -108.085
-1 -87.63 -86.23 -86.93 -105.84 -104.54 -105.19
-1.2 -66.38 -65.15 -65.765 -84.22 -82.58 -834
-1.4 -18.26 -18.68 -18.47 -36.08 -36.62 -36.35
-1.6 -4.4 -4.28 -4.34 -21.47 -21.55 -21.51
-1.8 -3.05 -2.96 -3.005 -19.71 -19.83 -19.77
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lassnsmsiauiansivlessuvedansmeunlusuigedifisussgndlilunisunme
lng uAuns mseinduazaos

sEyzIABUTIUIY XY o 4
Viassrcso) (MV) ANAaY Viasaricso) (MV) AAAaY
(mm)
-2 -1.75 -1.59 -1.67 -18.39 -18.27 -18.33
-2.4 -0.92 -0.84 -0.88 -17.32 -17.34 -17.33
0.2 81.54 82.36 81.95 -114.24 -114.71 -114.475
0.4 95.88 95.82 95.85 -119.53 -119.67 -119.6
0.6 100.17 100.12 100.145 -119.34 -119.37 -119.355
0.8 101.56 101.54 101.55 -118.6 -118.52 -118.56
1 100.7 100.56 100.63 -116.67 -116.53 -116.6
1.2 84.39 85.33 84.86 -99.91 -110.49 -105.2
14 31.83 32.38 32.105 -46.85 -47.86 -47.355
1.6 9.08 9.03 9.055 -24.03 -23.84 -23.935
1.8 5.92 593 5.925 -20.54 -20.42 -20.48
2 3.99 3.95 3.97 -18.4 -18.35 -18.375
22 313 3.14 3.135 -17.33 -17.37 -17.35
24 2.68 2.66 2.67 -16.86 -16.76 -16.81
2.6 2.32 234 2.33 -16.33 -16.29 -16.31
28 214 2.18 2.16 -16.3 -16.1 -16.2
3 2.07 2.09 2.08 -15.81 -15.84 -15.825
3.2 1.64 1.64 1.64 -15.05 -15.05 -15.05
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o a o b & ¢ 4 ¢
lasimsmaiaushasiulessureslansdsulusugesiieussgnalilunisuwnd

ne uAuns ArsednALavAy

anvuranNuFuRHEsTrINssezIfounidwaInBIFD IARnNIENY

I¥HIFR ALY PSD Auusadieniym

480

100 1 oo0¢e
L o [ ]
N [
50 |
£ gttt Qb %000 nage. . .| SAB)-CD)
i; hd L J 4 vy T
e p " 2UEs o 0 1 msjEmEEgE 4 W(A+B)+(C+D)
Y= 50 "
< -
o Negee® |
- | ]
.-.wq:.lll..

T U

A A, ¢ ]
ITUTAOUNAUIXAAUVOIANOITENUVIBUIFOTLUVY PSD (mm)

| o & . - ) a o
Eﬂﬂ 3.17: n‘nﬂuﬁmn‘)‘mauwus‘isﬂ‘ns‘lisuzlaauvlmuﬂﬂlal‘da‘fnnniz‘wm‘uuma‘ftmu

PSD funseduaviyn nadildiaudsouuss

o P
a15197l 3.5 uanananldannrmaanslaslvinscusvenawailnlonasiiv 50 mA

SEESFUTIUIY XY L g
Viaeg)-cepy (MV) ARERY Viasgyeiceny (MV) AaRY
(mm)

0 -6.92 -3.22 -5.07 -131.58 -131.65 -131.615
-0.2 -110.9 -109.42 -110.16 -145.28 -144.21 -144.745
04 -119.32 -11847 -118.895 -145.85 -144.66 -145.255
-0.6 -121.34 -121.57 -121.455 -143.58 -121.52 -132.55
-0.8 -120.6 -121.06 -120.83 -141.79 -141.54 | -141.665

-1 -117.8 -118.31 -118.055 -136.94 -137.48 -137.21
-1.2 -89.76 -88.85 -89.305 -109.13 -107.95 -108.54
-14 -23.37 -20.98 -22.175 -42.13 -39.49 -40.81
-1.6 -6.16 -6.23 -6.195 -23.98 -24 -23.99
-18 -2.75 -2.62 -2.685 -19.89 -19.81 -19.85

3-28




lrsinsmsianndansisdulessueslavsionlusueefiioyssgndlilunisume

- o o {
Tne vAuns AsednALazAz

SEOURUTIUI X-Y o o

Vasaicso) (MV) AaaY Viasg)scen) (MV) ARaY
(mm)

0.2 108.55 108.85 | 108.7 -147.21 -147.86 | -147.535
04 125.5 125.42 125.46 -153.21 -152.8 -153.005
0.6 130.02 131.14 130.58 -151.44 -152.55 | -151.995
0.8 132.3 1333 132.8 -151.06 -151.81 | -151.435
1 133.58 132.48 133.03 -150.67 -149.57 -150.12
1.2 114.21 112.15 113.18 -130.45 -128.88 | -129.665

14 42.85 424 42.625 -59.08 -58.1 -58.59
1.6 11.6 11.71 11.655 -21.33 -27.18 -21.255

1.8 1.57 747 752 -22.77 -22.73 -22.75

2 1.89 484 4.865 -19.87 -19.83 -19.85
2.2 3.79 3.77 3,78 -18.68 -18.61 -18.645
24 3.18 3.16 3.17 -17.86 -17.77 -17.815

asmiaanNUFINHFsTn I TzasBonvid e SannsENYy

(FUIBO3UUY PSD Munsaduenivym

450

OO . PP
¢
100 | ¢
S
E 50 .
I~
=l . e af o L X WP ¢ (A+B)-(C+D)
"; T h 4 T L}
g B 2%me 1 mm3RE 3 mABIH(CHD)
= - -50
b1 L
o
e [
= -10
. ¢ o0 O Q -
"= 8 { " guan
00

szsROUTNI N AABO IANATENUIFHIFOIUVY PSD (mm)

d o ol 1J d J o
UM 3.18: namuamrImdWus it sTenBounduauawa fannsenuuiga fuuy PSD

MuusaRuewinn nsdildiaudsauuas
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o ) Y v ¢ - ¢
TnssmsmaianndnsnivlessuveslanehsuhusuigefifeUszgniltlumsunng

1ng UAUVS AsefinALavAL

ARTILNaN RN SAaUASINLEININRINIYUYDSUUU PSD 5.5 cm

nsflldiudsnuanihliduanaesiivundnviswSovailougadng Suildensents
NAABILATIINAN1TNARBARAALATIALARBUNIN INSIZIWTBTUUY PSD WDIINTENINY
maviad (Faguil 3.19) deduanaiwesluannsenusureduvy PSD uannsduvienmuniazan
TWulnadevisewinwsiazanniedetovindlisusadousaddidunsaualiinly e
Sudsaweinnnsenuiinsinarsvsasuwasiuy PSD arezvhliaussuewinnildeimeasun

[ 4
v

[y ' e a < ad . { o el &
ﬁnEﬂ:ﬂ‘ﬂﬂﬁgaE‘jﬂ WM UINIAUASINANTDIYULYDT PSD uwu'yn'lqu'mﬁf!ﬂ ﬂ\iuuaqlla\ﬂalﬁaiﬂw‘aaﬁ

el

Ld o v [y € J < v 1 4 <l & & v
ﬂzuaam'lﬁlﬂmuﬂﬂutaﬁﬂwwaﬂaamnmqaqmanuaanﬁﬂﬁlmsuanvmz unUaneanuse

UTIAUBVIN

¥
T8IINININIANIANIA

FLUTIRAUTTUN X-Y

ANRINNATLINANE

P o ad e d o (] ] .
E‘U‘VI 3.19: AMMUARIANYISATUNAUFURIYD IANNTENUUILIUYDIINGTEUIN 4 IANMA

o al
- Qaulun1snaasan 2

SLULVNIEWINAYDI AU UATIILEY 11.5 cm
FEHEVNTENUAUESILLENUTUISILUY PSD 6.5 cm
nsTuaATadaIeIlalen 10 mA
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L ar o > J «
Tnssnsmsianndasieiulessuveslansieaunlueugesiioyssynaldlunisuwme

1ae vAuns AsadnAvasAme

o o
a15197 3.6 uanwaitldanmmaaadlnsvinssuavenawadlalonndiifi 10 mA

P
SLHLIAUISUIY X-Y (mm)

Viaserceo) (MV)

V(A+B)+(C+D) (mV)

0 5.68 -55.62
-0.2 -11.09 -55.66
0.4 -26.81 -56
-0.6 -37.08 -56.05
-0.8 -38.61 -55.75

1 -33.94 -50.32
-1.2 -26.98 -43.09
-14 -18.98 -34.76
-1.6 -10.48 -26.09
-1.8 -4.07 -19.48
0.2 21.59 -56.02
04 35.36 -56.21
0.6 41.36 -57.04
0.8 39.01 -53.64

1 32.55 -46.83
1.2 24.68 -38.72
14 16.08 -29.89
1.6 8.7 -22.42
1.8 3.28 -16.84

2 2.01 -15.55
2.2 1.66 -15.14
24 1.42 -14.89
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e vRuns MednALasAL
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(v IUUY PSD AuusdiuemYm
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" nym am )
¢ (A+B)HC+D)

o

HIIAUDINWN

me o | . ® (A+B}HC+D)

[ ¥
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N

I

4 A ¢ F
TTHSADUNANIAAANDIANATENUVIFUIFDIHDVU PSD (mm)

ol Y Y . o o o
UM 3.20: namluansrudimiussaninstesifouiiduauaigeiannsaviuiguigasuuy PSD

fluuseduainm nsalldiaudsauua

o % o o
a15797 3.7 uananaftldanmmaaaslaslvinssudvatiawaslalonnsitil 25 mA

538&53”53‘"’1‘1] XY
(mm) Viassrcen) (MV) Viasgycso) (MV)

0 -24.69 -109.65
-0.2 -60.2 -108.94
-0.4 -91.04 -123.94
-0.6 -96.11 -117.22
-0.8 -85.26 -104.93

-1 -68.43 -87.18
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Tassnsnmisfanndinmadvlsssuvedansmsuiususeiieyssgndldlunisunmg

e vAuns MsednAvasan

sTET@BUTIUI XY
(mm) Vissceo) (MV) Viapiceo) (MV)
-1.2 -49.24 -67.04
14 -28.64 -46.13
0.2 14.62 -112.65
04 50.48 -110.79
0.6 80.6 -111.49
0.8 91.55 -111.38
1 86.47 -103.36
1.2 62.48 -79.44
14 43,51 -59.17
1.6 25.83 -41.38
1.8 10.34 -26.28
2 4.23 -19.28
2.2 2.6 -17.7
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Tasinsmsanndnnsiulessuvedanzmsuntusugeiiieuszgnaldlunisunng
lng vAiuns Amsednauasans

o W d ' A ° t'd'
AHITAIN NUTUNUSTTHIITTHLIAB YDA MDAUFOINANATENY

[FFB VY PSD Aunsaduominm
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e B 2%8d 1 nep " 3 ¢(A+B){(C+D)
;;: -50 -
3 = (A+B)+(C+D)
¥ye [ 2
= -10
"o 8
ay"® u
A8 B g mmm

A L. 4 s al J o
z‘ll‘VI 3.21: nﬂﬂuamm'mauwuészmqaszaztaauﬂmu.aqtawas’nnnszwumumas'uuu PSD

fluusadue iy nadlldiaudsanugs

al o
@151 3.8 uansnanldannimaasdlaslinssudvesiaiveslalonasiiii 50 mA

sreT@ousTTUIU X-Y (mm) Vaseicsny (MV) Viasgyscen) (MV)
0 -5.93 -150.71
-0.2 -61.52 -150.43
-0.4 -104.87 -151.64
-0.6 -127.58 -153.5
-0.8 -120.28 -144.73
-1 -101.61 -123.12
-1.2 -76.34 -97.34
-1.4 -50.85 -710.76
-1.6 -25.01 -44.3
-1.8 -1.46 -25.7
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lassmsmawanndassfulessuvedlavemeunlusuigesiieuszendldlumsuwnd

Tne uAuns MmednALasAuE

FEELADUTIUIY X-Y (mm) Viasacso) (MV) Viagiceny (MV)
0.2 47.48 | -151.28
04 93.34 -152.29
0.6 126.61 -153.92
0.8 129.69 -151.86

1 113.2 -133.26
1.2 87.7 -106.26
14 60.5 -78.61
1.6 3547 -52.09
18 14.99 -31.24

2 5.02 -21.14
2.2 3.38 -19.35
24 243 -18.43

(FUIBBIUY PSD ALIUTINMID NN
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ICHZIMOUNAUAUAUBDIANNICNUIF HIYO UV PSD (mm)

< ” o . o e
zﬂ'ﬂ 3.22: nswluammmanwus‘szmwswzLaauwmuﬁ«awa%ﬂnnszvmwuwa%u.uu PSD

fuuseRulewinn nstildiaudsauuds
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TasimsmsianndasadulessuvadlavsienlusugssiisUszgndldlunisunwng

1o vAuns AMNANALATANLY

nsallifitaudsauuas

]
-Qaulunisnmany

sEgLNsEVILaas MuUWasIUY PSD 17 cm

YUABUNITNANDY

1.
2.

5 4 1 ¥ d ¥ ¥
derngunsalsineg Milunmsvaasdildmutaulunismeaassthesiu
Fenseua 10 mA Wiuiawges
o v o {
Induaaalgeslunsinsenuigugasiuy PSD U IMIUUNUABULANTIUIU XY 1aw

) & 4 Vel )

$ [ < aiu [~
musmmmm!wmﬂ‘lﬂmn’swsmnﬂneﬂwnmqaqﬂﬂa Viassy HVicen) = Vnsciman

(A UALALEDTUNEANNTENUUSIIUATINANYDUYULYBS PSD)

Wialarusaiuiewinnggn ¥, 31n95uIndnd udinerlinasnausadiu

maximum

3 -t

linitldanaesavdndesiirnlndidsseudfe ¥, +Vc.p, =0 SetufinAnuseiu
LWINNAUSA

nudousuaiuuy PSD Tnsunuiauunuszuty X-Y luvnasuannina,ann1eg
(Frudne) afies 02 mm whlufindussiueiwnuniduaiaefasvaneenuan
iwulwasuuy PSD uihTudeuuimesuuy PSD ndumnildumiiusn (esuandndiien
WAL VINYIZER)

uindousuwasuuu PSD  Tasunuidouszuiu X-Y lumisfuanma  C anana D
) adte 0.2 mm udrufinAusidueniynauniduasawefasnanaanuen
iwuigpsuUY PSD whidadauwuiesuuy PSD ndusnfidumiausn Feesuandndiinn
UWSIRULDWINVIZNER)

eldrussdueniynivuiinends 3 - 5 udnhudesAuseduewinmnmdads
udanslasiunu X WuAuswuenimiialdnmassuindnduasuinesau dwu
unu Y Wusszvesnisunuideu (A$saz 0.2 mm)
Wasunssuailiiiunesmununssuaniauawesitu 25 mA waz 50 mA whvhnns

YPADIRIUYD 3 ~ 7

AATITTRANTIINAAD
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Tasimsmaianndasadulessuvedlavsfounlugure SifieUstgnaldlumsuyme

10. ayUnamsvinael

Han1naaey

e uRuns AMsIdnALavAME

nsnaaesiinaninuduiusseninusiduiaminnvasldlnlalondudiunisiiuasves

g

- . < P | -4
wigeslalaannnsenuiguigasuuy PSD warsanlunsailaldiaudsauuas Tnetideulvnsveas i

sepsinsEIageslalasnuuesLuy PSD

nseuavalaslalon

P <
@153 3.9 waflldannmsneassiinssudvaaaiwaslalon 10.4 mA

17 cm

10.4 mA

]
FTYTLABUIZUIY X-Y

Vassrco (MV) Anady Viarcsoy (MV) Auady
(mm)

0 -8.38 -8.51 -8.445 -718.85 -78.44 -78.645
-0.2 -12.9 -16.96 -14.93 -78.01 -76.62 -717.315
-04 -20.84 -23.86 -22.35 -715.97 -715.12 -715.545
-0.6 -26.95 -28.68 -27.815 -71.61 -67.76 -69.685
-0.8 -30.93 -31.38 -31.155 -66.09 -62.04 -64.065

-1 -32.66 -31.66 -32.16 -59.68 -55.92 -57.8
-1.2 -30.69 -27.96 -29.325 -53.37 -49.33 -51.35
-14 -25.78 -22.43 -24.105 -46.94 -43.2 -45.07
-1.6 -19.86 -16.99 -18.425 -40.71 -37.2 -38.955
-1.8 -14.25 -11.66 -12.955 -34.34 -31.26 -32.8

-2 9.11 -6.83 -1.97 -28.54 -25.92 -271.23
-2.2 -4.65 -2.86 -3.755 -23.34 -20.93 -22.135
-2.4 -15 -0.58 -1.04 -18.7 -16.94 -17.82
-2.6 -0.1 -0.16 -0.13 -15.53 -14.68 -15.105
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Tassmsnisianndnsadulessuvedlansimenluisuive fineuszgnaldlunsunme

Tae vAuns AsadnhLasAe

LHLIFIUTIUIY X-Y] g o
Vasgy<ceo) (MV) AlaaY Viasgsicsoy (MV) AlQaY
(mm)

-2.8 2.21 1.98 2.095 -14.12 -13.8 -13.96
0.2 12.69 12.23 12.46 -77.29 -716.96 -77.125
04 21.38 20.87 21.125 -713.63 -713.29 -73.46
0.6 28.61 28.41 28.51 -68.93 -68.46 -68.695
0.8 334 3312 33,26 -63.54 -63.42 -63.48
1 35.65 35.64 35.645 -57.64 -57.47 -57.555
1.2 34.99 35.01 35 -51.44 -51.46 -51.45
14 30.81 3091 30.86 -44.76 -44.82 -44.79
1.6 25 24.95 24975 -38.26 -38.05 -38.155
18 18.81 18.81 18.81 -31.76 -31.68 -31.72
2 13.2 13.15 13.175 -26.05 -25.96 -26.005
2.2 8.42 8.34 8.38 -21.18 -21.13 -21.155
24 4.67 4.67 4.67 -174 -17.26 -17.33
2.6 243 2.42 2.425 -15.05 -15.07 -15.06
2.8 1.55 1.52 1.535 -14.16 -14.16 -14.16
3 1.19 1.2 1.195 -13.83 -13.79 -13.81
3.2 1.08 1.12 1.1 -13.62 -13.67 -13.645
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(mm)

0 -11.05 -12.65 -11.85 -164.42 -164.39 | -164.405
-0.2 -32.18 -33.14 -32.66 -157.29 -156.9 -157.095
-0.4 -48.81 -48.82 -48.815 -147.51 -146.57 -147.04
-0.6 -61.63 -61.63 -61.63 -134.42 -132.89 | -133.655
-0.8 -70.15 -69.38 -69.765 -120.2 -118.74 -119.47

-1 -73.48 -73.42 -73.45 -104.46 -104.12 -104.29
-1.2 -69.75 -69.83 -69.79 -89.38 -89.3 -89.34
-14 -59.67 -59.25 -59.46 -75.93 -75.66 -715.795
-1.6 -46.64 -46.42 -46.53 -61.75 -61.96 -61.855
-1.8 -33.73 -33.95 -33.84 -48.66 -49.06 -48.86

-2 -22.17 -22.42 -22.295 -36.81 -37.31 -37.06
-2.2 -12.35 -12.62 -12.485 -27.09 -27.36 -27.225
-2.4 -4.66 -4.83 -4.745 -19.11 -1941 -19.26
-2.6 -1.26 -1.35 -1.305 -15.56 -15.76 -15.66
0.2 11.78 10.67 11.225 -164.29 -165.09 -164.69
04 31.98 314 31.69 -155.38 -158.74 -157.06
0.6 50.77 51.83 51.3 -14458 | -149.16 | -146.87
0.8 66.61 67.94 67.275 -135.18 -137.88 -136.53

1 74.53 77.68 76.105 | -119.87 -1253 | -122.585

1.2 79.38 81.95 80.665 | -109.75 | -111.57 | -110.66
14 76.85 78.16 77.505 -95.58 -97.45 -96.515
1.6 64.63 66.83 65.73 -80.01 -82.32 -81.165
1.8 48.73 52.77 50.75 -64.53 -67.05 -65.79
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24 15.37 15.75 15.56 -28.89 -29.25 -29.07
2.6 7.42 7.42 7.42 -20.68 -20.86 -20.77
2.8 3.5 3.46 3.48 -16.77 -16.72 -16.745

3 2.14 2.08 211 -15.36 -15.3 -15.33
3.2 1.62 1.62 1.62 -14.76 -14.66 -14.71
34 1.36 1.35 1.355 -14.31 -14.44 -14.375
3.6 1.19 1.19 1.19 -14.28 -14.28 -14.28
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szm@ausTuIY X-Y (mm) Viasgycsoy (MV)
0 -11.85
-0.2 -32.66
-0.4 -48.815
0.6 -61.63
-0.8 -69.765
-1 -73.45
0.2 11.225
04 31.69
0.6 513
0.8 66.61
1 67.275
1.2 76.105
14 80.665
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31Jﬁ 3.26: nsuansgatayammzdniamaunsidiuns y = 74.92843x - 8.31646

P ' P |
A1379f 3.12 udaedwaTildenmmaassfinszugvaniawadlalen 50 mA

rezifausauny X-Y o g
Viase)-(c+o(mV) AlaaY Viassiceo(mV) AaaY
(mm)

0 -14.27 -12.09 -13.18 -209.58 -203.87 -206.725

-0.2 -37.48 -39.61 -38.545 -200.28 -191.34 -195.81

-04 -55.2 -60.45 -57.825 -186 -177.45 -181.725

-0.6 -70.47 -76.16 -73.315 -168.3 -160.39 -164.345

-0.8 -80.39 -86.91 -83.65 -149.37 -142.98 -146.175

-1 -86.32 -93 -89.66 -130.88 -124.84 -127.86

-1.2 -84.95 -89.98 -87.465 -112.73 -107.85 -110.29
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SYHUADUTIUN X-Y g L
Vaasgicsn)(mV) AlRaY Vasgsiceoy(mV) AlaaY
(mm)
-14 -73.95 -78.65 -76.3 -96.66 -91.59 -94.125
-1.6 -59.09 -61.94 -60.515 -78.31 -75.11 -76.71
-1.8 -44.08 -47.05 -45.565 -62.11 -59.89 -61
-2 -29.87 -31.87 -30.87 -46.77 -45.05 -45.91
-2.2 -17.59 -18.72 -18.155 -33.66 -32.42 -33.04
-2.4 -7.19 -1.42 -7.305 -22.38 -21.94 -22.16
-2.6 -2.19 -2.32 -2.255 -17.05 -16.79 -16.92
| 0.2 11.09 12.6 11.845 -209.31 203.5 -2.905
04 35.92 38.68 37.3 -202.52 -195.67 -199.095
0.6 59.25 63.52 61.385 -188.41 -183.44 | -185.925
0.8 78.47 83.77 81.12 -173.73 -169.72 -171.725
1 91.46 975 94.48 -158.63 -15442 | -156.525
1.2 97.31 104.48 100.895 -142.21 -136.17 -139.19
14 96.04 99.12 97.58 -121.33 -119.58 -120.455
1.6 84.28 85.13 84.705 -101.97 -102.08 -102.025
18 68.56 67.73 68.145 -82.88 -83.84 -83.36
2 50.86 49.92 50.39 -64.56 -65.22 -64.89
22 34,74 35.11 34.925 -49.39 -48.47 -48.93
24 21.82 21.32 21.57 -35.47 -35.72 -35.595
2.6 10.66 10.86 10.76 -24.74 -24.54 -24.64
2.8 4.89 5.01 4.95 -18.85 -18.68 -18.765
3 2.7 2.68 2.69 -16.37 -16.37 -16.37
3.2 1.88 1.89 1.885 -15.48 -15.45 -15.465
34 1.54 1.57 1.555 -15.02 -15.08 -15.05
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%Kiethley 195A: DMM

%(c) Badin Damrongsak, Physics Department, Silpakorn University

clear all; clg;

d = gpib(ni',0,16); %AMuUAIA d unugunsaisumus 16 diff
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s = gpib('ni',0,23); %AMUAIY s WnugUnsalsiumis 23 sum

t = gpib('ni’,0,7); %MNUALY t UnugUNIOIFIUMI 7 temp

fopen(d); %dudaedos d
fopen(s); %daDauATeq s
fopen(t); %daDanATes t

fprintf(d,*rst); %reset sy diff
fprintf(d,*cts"); %clear suws diff
fpfintf(s,rst"); %reset HIUNUL sum
fprintf(s,*cls"); %clear MUMUL sum
fprintf(t,*rst’); %reset HIUNMUL temp
fprintf(t,*cls"); %clear AUNUI temp

time = 0; %AMuAaFIsuYUALY

for ix=1:2000 %I UIUTOU
c=clock;,  %AMMUALY C unuan
oldtime = c(6); %% oldtime 1Wuiu

time_sec = c(6); %% time_sec 1uundi

fprintf(d,'G1XY); weAdIMAIassuAlaslifsditoinsotesnludieunsalunis diff
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fprintf(d, T4X); %daFnds continuous on panludgunsalsumis diff

fprintf(d, FOX); %eernda DC Volts sanludgunsaliumis diff

fprintf(d,'R2X); %darndssuAnluta 200mv panludagunsalsums diff

fprintf(s, G1X);%dsrndlinTasiurlaghidiasdifandasonnludegunsalumis sum
forintf(s, TAX").96aMda continuous on sanludmunsaliumus sum

fprintf(s, FOX')%dAnda DC Volts panludigunsalsumia sum

fprintf(s, R2X)%dardes uAluga 200mv eenludigunsediumia sum
fprintf(t,‘G1X');%aiqﬁ"lgalﬁm’%aq%’udﬂms‘lﬁﬁaaﬁ"‘uaLﬂ‘s'maan‘lﬂé'qqﬂﬂmiﬁ%mﬁq temp
fprintf(t, TAX);:9%de¥da continuous on sanludmynsalsiumia temp

forintf(t, FOX);%aaAda DC Volts sonludigunsalsiumia temp

fprintf(t, R2X); 9% erndsuailugag 200mv sanlufgunsalfumia temp

while(abs(time_sec-oldtime) < 10) %AmuaReulviamduuzaivemasiiawes time_sec fiu

oldtime  tipanin 10 Wiviedslu While loop
¢ = clock; %imualy C unuan
time_sec = c(6); %IuAanuiulilusus time sec
end % UM While loop
oldtime = time_sec; %11A1 time_sec sriiul3lu oldtime
time = time+10 %A LUS time Su 10

forintf(d,BOX); %a41da Readings from A/D converter ughsinumiia diff

3-57



Tasansmsianndesaduleseuvedlavsmonlusuweiteuszgndllunsunmg

oy vAuns AMsdnALavAuY

diff = fscanf(d); %3ufa1n d Tiiiulilu diff

Vd = str2num(diff);%iUaeu diff 910 string 1y number

fprintf(s,'BOXY); %aard Readings from A/D converter TUgasumiis sum

sum = fscanf(s); %3uA19n s TUAulAly sum

Vs = str2num(sum); %LUaBY diff 97N string Wy number

forintf(t,BOXY; %df1da Readings from A/D converter TUfasumis temp
temp = fscanf(t); %3uA1n s lUAULITU tempuvasiilininfiansuanse

Vt = str2num(temp);%uJﬁ‘ﬂu diff 0 string W number

name = ['C:\Users\user\Desktop\project\3watertri60155.txt]; %1% name unusuvisIng

iy
f1=fopen(name,‘at+"); %Walna name A text suaziadin adrelmitrsdu
fprintf(f1,%d %e %e %e\n'time,Vt,Vd,Vs); %L1uA time,Vt,vd,Vs iusunudslulng f1
fclose(f1); %Unlna f1

end %auAnds for

fclose(d); %FdsnAsas diff

clear d; % clear diff

fclose(s); %AdedaAIas sum

clear s; % clear sum

felose(t); %AdsUanTos temp

cleart; % clear temp
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Flowchart of Microcontroller Programming.

v

Configuration for
ARM cortex-M3

v
Enable

RCC,GPIO,DAC
and USART1

v

Get msg(0] /‘/ .-

YES Read
msgl0] = 0x11 >~ ADC1ADG2

i
‘ NO
; * b4

NO Send

Al msg[0)=0x12 ADC1,ADC2 to
computer

' YES

¥

Get msg[1].msg{2]
msg[1] as high byte : h
msg[2] as low byte : {

¥

1 Vou = (h<<4 + )
VUW = V“'3.30/4095

Send Vg
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#include "stm32f10x_lib.h"

#include “stdio.h"

#define channel 2
unsigned int msg[3],vout;
float value,aout,iout;

void delay(unsigned tong ms)

=72 MHz

volatile unsigned long ij;
for(i=0;i<ms;i++)

for(j=0;j<5525;j++);

// include STM32 header file

// delay 1 ms per count at 8MHz and PLL9x or SYSCLK

/{ ~———-———Function RCC Configuration —-—---————

void RCC_setup(void)

{

ErrorStatus HSEStartUpStatus;

RCC_Delnit();

purpose)

RCC_HSEConfig(RCC_HSE_ON);

// Keep reeoe status

// RCC system reset(for debug

// Enable HSE

HSEStartUpStatus = RCC_WaitForHSEStartUp();  // Wait till HSE is ready
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if(HSEStartUpStatus == SUCCESS)

{

RCC_HCLKConfig(RCC_SYSCLK_Div1); // HCLK = SYSCLK
RCC_PCLK2Config(RCC_HCLK_Div1); // PCLK = HCLK
RCC_PCLK1Config(RCC_HCLK Div2); // PCLK = HCLK/2
FLASH_SetlLatency(FLASH_Latency 2); // Flash 2 Wait state

FLASH_PrefetchBufferCmd(FLASH_PrefetchBuffer_Enable); // Enable Prefetch Buffer

RCC_PLLConfig(RCC_PLLSource HSE_Div1,RCC_PLLMul_9);  // PLLCLK = 8MHZ*9 =
72MHz

RCC_PLLCmd(ENABLE); // Enable PLL
RCC_ADCCLKConfig(RCC_PCLK2 Diva); // ADCCLK = PCLK2/4
while(RCC_GetFlagStatus(RCC_FLAG_PLLRDY) == RESET); // Wait untill PLL is ready

RCC_SYSCLKConfig(RCC_SYSCLKSource PLLCLK); // Select PLL as system

clock source

while(RCC_GetSYSCLKSource() = 0x08); // Wait till PLL is used as

system clock source
}

}

//———————- Function GPIO Configuration
void GPIO_setup()

{

GPIO_InitTypeDef GPIO_InitStructure;
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// Enable GPIO clock

RCC_APB2PeriphClockCmd(RCC_APB2Periph GPIOA | RCC_APB2Periph_GPIOC |
RCC_APB2Periph_AFIO,ENABLE);

// For SPI PIN PC3 as SCLK , PC5 as CS1, PC2 as CS2
GPIO_InitStructure.GPIO_Pin = GPIO_Pin_2 | GPIO_Pin_3 | GPIO_Pin_5;
GPIO_InitStructure.GPIO_Speed = GPIO_Speed 50MHz;
GPIO_InitStructure.GPIO_Mode = GPIO_Mode_Out_PP;
GPIO_Init{GPIOC, &GPIO_InitStructure);
// PC4 as S|

GPIO_InitStructure.GPIO_Pin = GPIO_Pin 4 ;
GPIO_InitStructure.GPIO_Mode = GPIO_Mode_IN_FLOATING;
GPIO_Init(GPIOC, &GPIO _InitStructure);
// Configure A4 as analog output
GPIO_InitStructure.GPIO_Pin = GPIO_Pin_4;
GPIO_InitStructure.GPIO_Mode = GPIO_Mode_ AIN;
GPIO_Init{GPIOA, &GPIO_InitStructure);
// Configure USART1 Tx (PA9) as alternate function push-pull
GPIO_InitStructure.GPIO_Pin = GPIO_Pin_9;
GPIO_InitStructure.GPIO_Speed = GPIO_Speed 50MHz;
GPIO_InitStructure.GPIO_Mode = GPIO_Mode_AF_PP;
GPIO_Init(GPIOA, &GPIO_InitStructure);

// Configure USART1 Rx (PA10) as input floating
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GPIO_InitStructure.GPIO_Pin = GPIO_Pin_10;
GPIO_InitStructure.GPIO_Mode = GPIO_Mode IN FLOATING;

GPIO_Init(GPIOA, &GPIO_InitStructure);

void DAC_setup()

{
// DAC Periph clock enable
RCC_APB1PeriphClockCmd(RCC_APB1Periph DAC, ENABLE);
DAC_InitTypeDef DAC InitStructure;
// DAC channell Configuration
DAC_InitStructure.DAC_Trigger = DAC_Trigger_Software;
DAC_InitStructure.DAC_OutputBuffer = DAC_OutputBuffer_Enable;
DAC_InitStructure. DAC_WaveGeneration = DAC_WaveGeneration_None;
DAC_Init(DAC_Channel 1, &AC InitStructure);
/* Enable DAC Channel 1: Once the DAC channel 1 is enable, PA4 is
automatically connected to the DAC converter. */

DAC_Cmd(DAC_Channel_1, ENABLE);

void USART1_setup()
{
USART_InitTypeDef USART _InitStructure;

RCC_APB2PeriphClockCmd(RCC_APB2Periph_USART1,ENABLE);
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// USART1 configured

USART_InitStructure. USART_BaudRate = 115200;
USART_InitStructure.USART_WordLength = USART_WordLength 8b;

USART_InitStructure USART_StopBits = USART_StopBits_1;

USART_InitStructure. USART_Parity = USART Parity No;

USART _InitStructure.USART_HardwareFlowControl = USART_HardwareFlowControl None;
USART_InitStructure. USART_Mode = USART_Mode_Rx | USART_Mode_Tx;
USART_Init(USART1, &USART _InitStructure); // Configure the USART1

USART_Cmd(USART1, ENABLE); // Enable USART1

void usartl_putc(unsigned char )

while(USART_GetFlagStatus(USART1,USART_FLAG_TXE)==RESET); // Wait until

transmition ready

USART_SendData(USART1,(int)c); // Send character

void usartl_puts(unsigned char *s)

while(*s) // Check end of string

usartl_putc(*s++);  // Send character 1 time
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int usart1_getc()

{

while(USART_GetFlagStatus(USART1,USART_FLAG_RXNE)==RESET); // Wait until

receive data

return(USART _ReceiveData(USART1));

void receive_DAC(unsigned. int h,unsigned int {)

{
vout = (h<<4) + |;
// value = (aout/3.3)*4095;
value = vout; // convert int to float
aout = (value*3.3)/4095;
iout = aout/30;
DAC_SetChannel1Data(DAC_Align_12b R, vout);

DAC_SoftwareTriggerCmd(DAC_Channel 1, ENABLE),

unsigned long spi_read_1(void) // SPI Mode 0,0
{
unsigned char i=0,x;
unsigned long vall = 0;

//GPIO_WriteBit(GPIOC, GPIO_Pin_3,1); //SCLK =1
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GPIO_WriteBit(GPIOC, GPIO_Pin 50); //CS1 =0
//GPIO_WriteBit(GPIOC, GPIO_Pin_3,0);,  // SCLK =0

for(i=0;i<25;i++)

vall <<=1;

GPIO_WriteBit(GPIOC, GPIO_Pin_3,1); // SCLK = 1;
asm(*nop”);
asm(*nop”);

vall += GPIO_ReadInputDataBit(GPIOC,GPIO_Pin_4);  // receive value from Dout

asm("nop");
asm(*nop”);

GPIO_WriteBit(GPIOC, GPIO_Pin_3,0); //SCLK =0
}
//GPIO_WriteBit(GPIOC, GPIO_Pin_3,1); // SCLK = 1;
//delay(1);

GPIO_WriteBit(GPIOC, GPIO_Pin_5,1); //CS1=1;
GPIO_WriteBit(GPIOC, GPIO_Pin_2,1);  //CS2 = 1
GPIO_WriteBit(GPIOC, GPIO_Pin 3,0, //SCLK =0

returmn(vali);

unsigned long spi_read_2(void) // SPI Mode 0,0

{
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unsigned char i=0;
unsigned long val2 = 0;
GPIO_WriteBit(GPIOC, GPIO_Pin_2,0), //CS2=0

for(i=0;i<25;i+4)

val2 <<=1;

GPIO_WriteBit(GPIOC, GPIO_Pin_3,1); // SCLK = 1;
asm("nop");
asm(*nop");

valZ += GPIO_ReadinputDataBit(GPIOC,GPIO_Pin 4);  // receive value from Dout

asm("nop");
asm("nop");

GPIO_WriteBit(GPIOC, GPIO_Pin_3,0); // SCLK = 0;
}
//GPIO_WriteBit(GPIOC, GPIO_Pin_3,1); // SCLK = 1;
//delay(1);

GPIO_WriteBit(GPIOC, GPIO_Pin 2,1); //CS2 = 1;
GPIO_WriteBit(GPIOC, GPIO_Pin_5,1); // CS1 = 1;
GPIO_WriteBit(GPIOC, GPIO_Pin 3,0, // SCLK = 0

return(val2);

int main()
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char i=0;
//unsigned long dat,info1,info2;
RCC_setup();
GPIO_setup();
DAC_setup();
USART1_setup();
GPIO_WriteBit(GPIOC, GPIO_Pin 5,1  //CS1=1
GPIO_WriteBit(GPIOC, GPIO _Pin 2,1); //CS2=1
GPIO_WriteBit(GPIOC, GPIO_Pin_3,0); //SCLK=0
// send 0x11 to MCU for initial program

while(1)

msg[0] = usartl getc();
if(msgl0] == 0x11)
{
ADC value();
ADC value();
}
else iffmsg[0] == 0x12)
{

msg[1] = usartl_getc();
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msg[2] = usartl_getc();

receive_DAC(msg[1],msg[2]);

Jaadlanlusunsa Visual Basic

Imports System.Drawing.Drawing2D
Public Class Form1
Oim c1, c2 As DYNAPLOT3Lib.Curve
Oim m1 As DYNAPLOT3Lib.Marker
Dim m2 As DYNAPLOT3Lib.Marker
Dim dataC1(0), dataC2(0) As Double
Oim X0 As Double = 0
Oim X1(), X20), Y10), Y2() As Double
Oim deltaX As Double = 0.1
Dim Ptindex As integer = 0
Dim dataNum As integer = 50
Oim NewPtLaser As Double
Oim deltaVoltage
Const pi = 3.1415926535897931
Dim Start As Boolean
Dim IncDecAandB As Double
Oim FullScale As Double = 3.3
Dim ReciveValue(7) As Double
Dim AplusB As Double
Dim CplusD As Double
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Dim OpenPort As Boolean = False

Oim dataview As Boolean = False

Oim sndCurrentindicator As integer = 2
Oim sndindicator As Boolean = True

Dim Connecting As Boolean = False

Sub GetNewData()

Oim AplusBNo1, AplusBNo2, AplusBNo3, CplusDNo1, CplusDNo2, CplusDNo3 As Deuble

If sndindicator = True Then
ReciveData()
AplusBNo1 = ReciveValue(1)
AplusBNo2 = ReciveValue(2)
AplusBNo3 = ReciveValue(3)
CplusDNo1 = ReciveValue(4)
CplusDNo2 = ReciveValue(5)
CplusDNo3 = ReciveValue(6)

End If

AplusB = (ReciveValue(1) * 65536) + (ReciveValue(2) * 256) + ReciveValue(3)

CplusD = (ReciveValue(4) * 65536) + (ReciveValue(5) * 256) + ReciveValue(6) ' change 10
decimal

dataC1(0) = (AplusB / 2097151) * FullScale 'to mV

dataC2(0) = (CplusD / 2097151) * FullScale 'to mv

TxtBox1.Text = dataC1(0)

TxtBox2.Text = dataC2(0)

TxtBox3.Text = Math.Abs(dataC1(0) - dataC2(0))

TextBox1.Text = dataC1(0) + dataC2(0)

End Sub

Sub UpdateChart()
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If AxDynaPlot1.DataCurves.Count = 0 Or AxDynaPlot2.DataCurves.Count = 0 Then
c1 = AxDynaPlot1.DataCurves.AddParametric("A+B", X0, deltaX, Y1, Y1.Length).Curve
€2 = AxDynaPlot2.DataCurves.AddParametric("C+D", X0, deltaX, Y2, Y2.Length).Curve

Else
cl.PatchData(Ptindex, Nothing, dataCl, -1)
c2.PatchData(Ptindex, Nothing, dataC2, -1)
m1.PositionX = X0 + Ptindex * deltaX
m2.PositionX = X0 + Ptindex * deltaX
m1.PositionY = dataC1(0)
m2.PositionY = dataC2(0)

Ptindex += 1
ToolStripProgressBarl.Value = Ptindex * 2
If Ptindex >= dataNum Then Ptindex = 0

End If
End Sub
Sub RePaint()
If dataC1(0) > dataC2(0) Then
deltaVoltage = dataC1(0) - dataC2(0)
NewPtLaser = (deltaVoltage * 90) / FullScale
TopPoint = 90 - NewPtLaser
Elself dataC2(0) > dataC1(0) Then
deltaVoltage = dataC2(0) - dataC1(0)
NewPtlLaser = (deltaVoltage * 90) / FullScale
TopPoint = 90 + NewPtLaser
End If
Dim Sumdata As Double
Sumdata = dataC1(0) + dataC2(0)
If Sumdata > 0.1 Then
PictureBox1.Invalidate()
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End If

End Sub

Sub ReciveData()
If OpenPort = True Then
Dim voltageValue As Double
voltageValue = (txtCurrentin.Text * 1000 * 4095) / 3300
Oim sndCurrentData(4), HbitCurrent, LbitCurrent As Byte
HbitCurrent = voltageValue \ 16
LbitCurrent = voltageValue Mod 16

sndCurrentData(0) = 18
sndCurrentData(1) = HbitCurrent
sndCurrentData(2) = LbitCurrent

Oim sndData(1) As Byte
sndData(0) = 17
Try

If sndCurrentindicator = 0 Then
SerialPort1.Write(sndData, 0, 1)
ListBox1.items.Clear()

Elself sndCurrentindicator = 1 Then
SerialPort1.Write(sndCurrentData, 0, 3)
ListBox1.ltems.Clear()

Exit Sub

Elself sndCurrentindicator = 2 Then 'fix bug start
SerialPort1.Write(sndData, 0, 1)
ListBox1.Items.Clear()

Exit Sub

End If
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Dim sw As New Stopwatch
sw.Reset()
sw.Start()
Do
Application.DoEvents()
Loop Until sw.ElapsedMilliseconds > 100 'ms
sw.Stop()

Dim count As Integer
count =1
Forcount=1Tec 6
Oim buff As Byte
buff = SerialPort1.ReadByte
ReciveValue(count) = buff
ListBox1.ltems.Insert(0, "Read Byte " & count & "--> " & buff.ToString)
Next count
Catch ex As Exception
System.Windows.Forms.MessageBox.Show{ex.Message, "ERROR",
MessageBoxButtons.OK, MessageBoxlcon.Error)
SerialPort1.ReadExisting()
End Try

End If
End Sub
Private Sub Form1_Load(ByVal sender As System.Object, ByVal e As System.EventArgs)
Handles MyBase.Load

AxDynaPlot1.Axes. XAxis.From = X0
AxDynaPlot1.Axes. XAxis.To = 5
AxDynaPlot1.Axes.YAxis.From = -0.2
AxDynaPlot1.Axes.YAxis.To = FullScale + 0.5
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AxDynaPlot2.Axes. XAxis.From = X0
AxDynaPlot2.Axes. XAxis.To = 5
AxDynaPlot2.Axes.YAxis.From = -0.2
AxDynaPlot2.Axes.YAxis.To = FullScale + 0.5

AxDynaPlot1.Timer.Interval = 250 'ms
AxDynaPlot2.Timer.Interval = 250 'ms

ReDim Preserve Y1(0 To dataNum)
ReDim Preserve Y2(0 To dataNum)

For i As Integer = 0 To dataNum
- Y1) = 1.25
Y2(i) = 1.25
Next
Start = True
Btn_StartStop.Text = "Pause Process™
m1 = AxDynaPlot2.Markers.Add(0, 0, RGB(1, 0, 0),
DYNAPLOT3Lib.dpsMARKERTYPE.dpsMARKER VERTLINE)
m2 = AxDynaPlot2.Markers.Add(0, 0, RGB(1, 0, 0),
DYNAPLOT3Lib.dpsMARKERTYPE.dpsMARKER VERTLINE)

UpdateChart()
AxDynaPlotl.Timer.Enable = True
AxDynaPlot2.Timer.Enable = False
End Sub
Dim TopPoint As Integer = 90

Private Sub PictureBox1_Paint(ByVal sender As System.Object, ByVal e As
System.Windows.Forms.PaintEventArgs) Handles PictureBox1.Paint

Dim G As Graphics = e.Graphics
4-37



lassnmsnsiandinssiulessuveslavsisunlusugesiveyssyndlslunisunme

ot vAuns AsednAuazAue

Dim C1 As Color = Color.FromArgb(255, Color.Red)
Oim C2 As Color = Color.FromArgb(50, Color.Black)
Dim p As New GraphicsPath()
p-AddEllipse(90, TopPoint, 170, 170)
Oim b As New PathGradientBrush(p)
b.CenterColor = C1
Oim cc(0) As Color
cc(0) = C2
b.SurroundColors = cc
G.FillElipse(b, 90, TopPoint, 170, 170)
End Sub

Private Sub AxDynaPlot1_TimerEvent(ByVal sender As Object, ByVal e As
System.EventArgs) Handles AxDynaPlot1.TimerEvent
If Start Then
GetNewData()
UpdateChart()
‘add new event repaint
Dim Sumdata As Double
Sumdata = dataC1(0) + dataC2(0)
If Sumdata > 1 Then
RePaint()
End If
‘RePaint()
End if
End Sub

Private Sub AxDynaPlot2 TimerEvent(ByVal sender As Object, ByVal e As
System.EventArgs) Handles AxDynaPlot2. TimerEvent
If Start Then
GetNewData()
UpdateChart()
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End If
End Sub

Private Sub Buttond_Click(ByVal sender As System.Object, ByVal e As System.EventArgs)
Handles Buttond.Click
Me.Close()
End Sub

Private Sub Btn_StartStop_Click(ByVal sender As System.Object, ByVal e As
System.EventArgs) Handles Btn_StartStop.Click
Start = Not Start
If Start Then
Btn_StartStop.Text = "Pause Process”
Else
Btn_StartStop.Text = "Run Process"
End if |
End Sub

Private Sub TestModeToolStripMenultem_Click(ByVal sender As System.Object, ByVal e As
System.EventArgs) Handles TestModeToolStripMenuitem.Click
Me.Width = 880
GpTest.Visible = True
TestModeToolStripMenultem.Checked = True
MeasurementToolStripMenultem.Checked = False
ListBox1.Visible = True
End Sub

Private Sub MeasurementToolStripMenuitem_Click(ByVal sender As System.Object, ByVal
e As System.EventArgs) Handles MeasurementToolStripMenultem.Click
Me.Width = 730
GpTest.Visible = False
TestModeToolStripMenultem.Checked = False
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MeasurementToolStripMenultem.Checked = True
ListBox1.Visible = False
End Sub
- Private Sub btn_connect_Click(ByVal sender As System.Object, ByVal e As
System.EventArgs) Handles btn_connect.Click
OpenPort = Not OpenPort
If OpenPort = True Then

btn_connect.Text = "Disconnect"

SerialPort1.PortName = ComboBox1.Text
SerialPort1.BaudRate = 115200
SerialPort1.Parity = I0.Ports.Parity.None
SerialPort1.Handshake = I0.Ports.Handshake.None
SerialPort1.NewLine = vbCrLf
SerialPort1.Encoding = System.Text.Encoding.Default
SerialPort1.DataBits = 8
SerialPort1.StopBits = 10.Ports.StopBits.One
SerialPort1.ReadTimeout = 2000
SerialPort1.0pen()
Connecting = True
btn_connect.Enabled = False
Btn_Downlaser.Enabled = True
btn_Drivelaser.Enabled = True
Btn_StartStop.Enabled = True

Elself OpenPort = False Then
btn_connect.Text = "Connect"
SerialPort1.Close()

End If

End Sub
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Private Sub CreditsToolStripMenultem_Click(ByVal sender As System.Object, ByVal e As
System.EventArgs) Handles CreditsToolStripMenultem.Click
frm_Credits.Show()
. End Sub
Private Sub ComboBox1_SelectedindexChanged(ByVal sender As System.Object, ByVal e
As System.EventArgs) Handles ComboBox1.SelectedindexChanged
btn_connect.Enabled = True
End Sub

Private Sub Button3_Click(ByVal sender As System.Object, ByVal e As System.EventArgs)
Handles Button3.Click
dataview = Not dataview
If dataview = True Then
ListBox1.Visible = True
Elself dataview = False Then
ListBox1.Visible = False
End If
End Sub

' Private Sub txtCurrentin_TextChanged(ByVal sender As System.Object, ByVal e As
System.EventArgs) Handles txtCurrentin.TextChanged
sndCurrentindicator = 1
ReciveData()
sndCurrentindicator = 0

End Sub

Private Sub Button1_Click(ByVal sender As System.Object, ByVal e As System.EventArgs)
Handles btn_Drivelaser.Click

Btn_Downlaser.Enabled = False
While (txtCurrentin.Text < txt_drivelLaser.Text)
txtCurrentin.Text = txtCurrentin.Text + 0.001
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Delay(10)
End While
Btn_Downlaser.Enabled = True
End Sub
Dim sw As New Stopwatch
Private Sub Delay(ByVal Millisecond As Double)
sw.Reset()
sw.Start()
While (sw.EtapsedMilliseconds <= Millisecond)
Application.DoEvents()
End While
sw.Stop()
End Sub

Private Sub Button2_Click(ByVal sender As System.Object, ByVal e As System.EventArgs)
Handles Btn_Downlaser.Click
btn_Drivelaser.Enabled = False
While (txtCurrentin.Text > 0)
txtCurrentin.Text = txtCurrentin.Text - 0.001
Delay(10)
End While
btn_connect.Enabled = True
btn_Drivelaser.Enabled = True
End Sub

Private Sub btn_V_Click(ByVal sender As System.Object, ByVal e As System.EventArgs)
Handles btn_Vinc.Click
txtCurrentin.Text = txtCurrentin.Text + 1

End Sub
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Private Sub btn_WV_Click(ByVal sender As System.Object, ByVal e As System.EventArgs)
Handles btn_Winc.Click
txtCurrentin.Text = txtCurrentin.Text + 0.1
End Sub
~ Private Sub btn_VWV_Click(ByVal sender As System.Object, ByVal e As System.EventArgs)
Handles btn_VWVinc.Click
txtCurrentin.Text = txtCurrentin.Text + 0.01
End Sub

Private Sub btn_VWWV_Click(ByVal sender As System.Object, ByVal e As System.EventArgs)
Handles btn_VWWinc.Click
txtCurrentin.Text = ttCurrentin.Text + 0.001
End Sub

Private Sub btn_Vdec_Click(ByVal sender As System.Object, ByVal e As System.EventArgs)
Handles btn_Vdec.Click
txtCurrentin.Text = txtCurrentin.Text - 1
End Sub

Private Sub btn_Wdec_Click(ByVal sender As System.Object, ByVal e As System.EventArgs)
Handles btn_Wdec.Click
txtCurrentin.Text = txtCurrentin.Text - 0.1
End Sub

Private Sub btn_VWVdec_Click(ByVal sender As System.Object, ByVal e As
System.EventArgs) Handles btn_VVVdec.Click
txtCurrentin.Text = txtCurrentin.Text - 0.01
End Sub

Private Sub btn_VWWVdec_Click(ByVal sender As System.Object, ByVal e As
System.EventArgs) Handles btn_VWWWdec.Click
txtCurrentin.Text = txtCurrentin.Text - 0.001
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End Sub
End Class
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Development of optical beam deflection detection system for
microcantilever-based sensors

Theerapap Kaewon', Autchara Chomna', Phuangbuppha Saowaros', Phasini Khunrungrueng' ,
Pattareeya Kittidachachan?, Warawoot Thowladda® and Badin Damrongsak'*
!Engineering Physics Research Group, Department of Physics,

Faculty of Science, Silpakorn University, Nakorn Pathom, 73000, Thailand
’Department of Physics, Faculty of Science,

King Mongkut's Institute of Technology Ladkrabang, Bangkok, 10520, Thailand

In this paper, we report the design and development of an optical beam deflection detection
system for measuring beam deflection. A high sensitive position sensitive detector (PSD) was
employed to measure the displacement of the laser spot on the PSD which is related to cantilever
bending. The design of the laser diode driver and PSD read-out circuit was presented. The
implemented read-out circuit was tested and characterized to ensure the linearity of the output
signal in response to the displacement of the laser spot. In order to examine the performance of
the developed optical beam deflection system, an atomic force microscope cantilever was used as
a sensor. Experiments were also conducted to characterize the long term stability and the
performance of the system. The experimental results showed that the noise level of the system in
root mean square voltage was about 0.034 mV when operating the cantilever sensor in air and
0.027 mV when the cantilever sensor was in water.

Keywords: microcantilever sensors, position sensitive detector, beam deflection measurement,

cantilever-based biosensors.

1. INTRODUCTION

Microfabricated cantilever sensors represent a powerful
platform for high-sensitive and high-resolution sensing
applications in physics, chemistry, material science and
biomedicine. The use of microcantilevers in an atomic
force microscope (AFM) is a well-established application.
Recently, they have been used successfully as extremely
sensitive biosensors. When absorption and/or recognition
of molecules occurs on the surface of functionalized
microcantilevers, it will result in bending of the
microcantilever beam or shifts in its resonance frequency
[1]. The detection of these responses is referred as static
and dynamic modes of operation. There are several
methods proposed for measuring the deflection of
microcantilever sensors [2-4]. Among them, the optical
beam deflection detection method [4] has been the most
widely used because it is simple and easy to setup.

In this paper, we focused on development of an optical
beam deflection detection system for measuring the
deflection of a microcantilever working in the static mode.
The bending arises as a consequence of a surface stress
change induced by molecular reaction taking place on the
cantilever surface. The displacement of the cantilever free
end can be estimated using Stoney’s model [5] as:

Az = (M)As

o) n

*Corresponding author. Tel: (034) 245329
Fax: (034)273049; E-mail: badingisu ac th

where Az is the cantilever displacement, E is the Young’s
modulus, v is the Poisson ratio and As is the change in
surface stress. L and ¢ are geometrical parameters referring
to as the microcantilever length and thickness, respectively.

laser diode driver circult

FIGURE 1. Schematic diagram of the optical beam deflection
detection system for microcantilever based sensors.

2. OPTICAL BEAM DEFLECTION DETECTION

A schematic diagram of the optical beam deflection
detection system developed in this work is shown in Figure
1. The developed system is composed of (1) laser diode
(LD) and a LD driver, (2) position sensitive photodetector
(PSD) and a read-out circuit, (3) optical microscope and (4)
a microcantilever holder. A focused laser beam is irradiated
onto the backside of the microcantilever. The reflected
beam is detected with a PSD, which is two-element (A and

© 2012 Thai Physics Society
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B) silicon photodiode array. At each element, the induced
current is converted to a voltage signal by a read-out
circuit. The output voltage signals (V, and Vg) are then fed
into a differential amplifier (V,~Vp) and a summing
amplifier (V,+Vg). When the microcantilever bends due to
a change in surface stress, the laser spot on the PSD is
displaced. This results in the difference between the
photoinduced currents at the photodiode elements.

2.1 Laser diode driver

Figure 2 shows the simplified circuit of the laser diode
driver. The LD driver is based on the modified Howland
current source [6], which is widely used for realizing
voltage controlled current sources for loads with one end
connected to the ground. An OP-07 op-amp was used for
two reasons: low offset (not more than 75uV) and low drift
(less than 1.5nV/month). The transfer function of the LD
driver can be estimated using Equation (2).

Vw _ R

——=—xR 2
Lour 4 - @

where Vpy is the input voltage (adjusted by 100 kQ pot
resistor), Ioyr is the output current and R;, R, and Rgy are
defined in Figure 2.

2.2 PSD read-out circuit

Figure 3 shows the block diagram of a PSD read-out
circuit. A four-segmented photodiode array (QP5.8-6-TOS,
Pacific Silicon Sensor) was used as a PSD sensor. Its active
area is 2.4x2.4 mm’. The photoinduced current at each
element is converted to a voltage signal using a current-to-
voltage amplifier. For our purpose, only two elements are
required for detecting the deflection of a microcantilever
sensor. Therefore, the voltage signals from upper (A and B)
and lower (C and D) two elements are added together using
a summing amplifier to generate two voltage signals (Va.p
and Vc.p). These two signals are input to a unity gain
differential amplifier, which outputs the difference between
the voltage signals from upper and lower photodiodes. A
summing amplifier at the final stage is used for measuring
the total photoinduced current. The schematic diagram of
the developed PSD read-out is shown in Figure 4. CA3140
op-amps are used due to its high input impedance (> 1 TQ)
and low bias current (< 10 pA).

o1
6-9V
AN
01 0.1 vF 10%0

pLr2]

FIGURE 2. Schematic diagram of the laser diode driver. The
circuit was designed based on a modified Howland current source.
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FIGURE 3. Block diagram for the PSD read-out circuit.
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FIGURE 4. Schematic diagram of the PSD read-out circuit: (a) a
pre-amplifier stage consisting of a current-to-voitage amplifier
and a summing amplifier (b) a final stage consisting of a
differential amplifier and a summing amplifier.
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3. EXPERIMENTAL

3.1 Characterization of a PSD read-out circuit

The implemented read-out circuit was characterized to
ensure the linearity of the output signal in response to the
displacement of the laser spot. The position of a laser diode
was fixed and positioned in such a way that it is
perpendicular to the PSD sensor. The PSD sensor was
attached to a xyz microstage and was positioned so that the
laser spot was located at the center of the PSD sensor.
Then, the PSD sensor was moved across the x direction
with a step length of 0.2 mm. The voltage signals at the
final stage of the read-out circuit were simultaneously
recorded.

3.2 System performance testing

Experiments were conducted to characterize the long
term stability of the system when operating the cantilever
sensor in air and liquid medium. AFM probes (SiNi,
Budget Sensors) were used as a microcantilever sensor in
this study. The measurement system was set up as shown in
Figure 1. A focused laser beam was irradiated onto the
backside of the microcantilever. The reflected beam was
detected with a PSD sensor. The PSD was positioned in
such a way that the laser spot was at the center. The output
voltages of the read-out circuit were recorded for a period
of 15 minutes with a time step of 10 seconds.

Performance of the measurement system was tested
using the experimental setup shown in Figure 1. In this
experiment, the microcantilever sensor was attached to a
goniometer. The goniometer angle was adjusted to simulate
the bending of the microcantilever beam. The experiment
was then carried out to measure the output voltage of the
read-out circuit in response to the angle of the goniometer.

4. RESULTS AND DISCUSSION
The output voltages of the differential amplifier (V o+p —
Vcsp) in response to the position of the laser spot on the
PSD sensor were recorded and plotted as shown in Figure
5. It shows a good linearity when the laser spot was within
+ 1 mm. The sensitivity of the PSD read-out circuit was 75
mV/mm, approximately.

Output voltage (mV)

St . -+ -t

position of the laser spot (mm)

FIGURE 5. The relationship between the output voltages of the
final-stage circuits and the position of the laser spot on the PSD
Sensor.

For the long term stability test, the experimental results
(see Figure 6) showed that the noise level of the system in
root mean square voltage was about 0.034 mV when
operating the cantilever sensor in air and 0.027 mV when
the cantilever sensor was in water.

To demonstrate a use of the developed optical beam
deflection detection system to measure the deflection of a
microcantilever sensor, the microcantilever sensor was
fixed to a goniometer. The goniometer angle was adjusted
to simulate the bending of the microcantilever beam. The
output voltage of the differential amplifier in response to
the angle of the goniometer (0.033 to 0.1 deg) is shown in
Figure 7.
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FIGURE 6. The measurement results obtained from the long-
term stability test when a microcantilever sensor operated in (a)
air and (b) liquid.

FIGURE 7. The measurement results showing the output voltage
of the read-out circuit in response to the bending angle of the
microcantilever sensor.
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5. CONCLUSION

In this paper, the design and development of the optical
beam deflection detection system was presented. The
design of the laser diode driver was based on the Howland
current source. A high sensitive PSD was employed to
measure the displacement of the laser spot on the PSD
which is related to cantilever bending. The implemented
read-out circuit was characterized to ensure the linearity of
the output signal in response to the displacement of the
laser spot. Experimental results show that a good linearity
can be obtained when the laser spot was within +1 mm of
the PSD active area. The sensitivity of the PSD read-out
circuit was about 75 mV/mm. The noise level of the system
in root mean square voltage was about 0.03 mV.
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