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This special project-wasito desien and ‘construct infrared laser-based pedestrian

tracking system contretled hy Arduind program-mounted onto a top of the white cane.

So this deyice is compact and lishtweight. The system suitable for blind people, as it

can detect obstacles at 3-levels (floor, obstacles.or ceiting)-and can-detect obstacle 0

- 3,000 cm away from-the blind people: The tracking system was distance detection
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sewing E2 - E¥DAsmewdasTuaenimiantsldmadudn ez Wuluausssuyiiim
L%'aﬂﬂimg]mﬁﬁmﬁﬁ \WesaskuuiAniies (Spontaneous-Emission)
WidmiunnUdanasutgndn (Stimulated Enfission). dudunannisédgyves
lLgestiu FeuandfuIsUAmamuUITRAD s sy Faide ssapuviolulanaiulegi
sedundanuiigannlus £2- uasiinvsansiasdniuinsuasitanadnlutuasse sty
nassustunsay 2= €1 iasmouialinanalanaumity uartiasiinlUifiesitasyinl
ovmamvialilanamewasnuTiganaueitineunm) vhlviAntasniiunawig duiaasiign
Udeveeniiazuasignasii et Sandarndivindu ) e smasedoudliieatu
uaziavaspauiivilauiudmannssuiiowiisldiumeiuladiaiwe;
wlosnanviolianaue sdie Tanviudvinigwesegluan iegnoseduiinan
uaaedeuiihudatanvesawediignnssiufsdilsd Hamseeiaanituinliand
TERT DT viomsliiaduaulaeuiiianntuiubednmsiinenisueouas
ielilinouls ugnonel Ssnsevhlasnslinsean -2 Gaswiufuiivaeiaeweuie
Yan nszaniiaosiifonia - Optical ‘Cavity Fegyiminflasvigudasilvnouidluiunlude
JandudufnarnawesauliUimanwenssiiofpmifugiouin  Gain AiAnAA
WANUVRITLUUA AR IAIYR T TINDBNIN
MnfindnddunssuiunsUanUdosuatasiatastu Einstein’s
coefficients fauandlugudl 2.3 Famsgandu nsUdosuauUUsTIIIIR LaznsUdRELAY
wuunsgdusaansovlalng



nsaAndu (Absorption) wansluaunisi (2.3)

dN,
(—L) = BN, p(v) (2.3)
dt

1 = . . c{
ASUABYNAMUUTITUYIF (Spontaneous emission) kaasluaunisa (2.4)

dn,
(o7 )/Z 4By No o) (2.5)
dt
Absorption $pontanagusmissien (Stimulated Emission
r 4 —'  d
E2 E2 s E2
hv hns hay ~ 4 4 od
A SN Y N ]:'11]
-
1 1 El
* Frrrrm: :

El7Lower Ereygy State, EZU Highef.Enetgy State

31]‘71' 2.3 Radiative-processes with Einstein’s ,constants,

2.1.4 senUsEnavLawWwes [1]
1) Pump
Pump FouAIEINRYBIMAN BTGNS duvasesnalufinandlugssaudy
fignnsysuiiioaraussansniiu
2) Laser medium
uasvietaniviliiiouanawes iflasaisozneuvieluanammnzaniy
nsiaLaLEes Moty NaNWUAN (Ruby Crystal) uRanaussyuinufadideuduilosy (He-
Ne Gas) asazaneddionsin (Dye Solution) a157esat (Semiconductor) 18

3) Optical cavity
Opt|cal cavity #© ‘uaamasumwnsva}mawai Fanszandl 1 avasfouwas

100% wagnszandl 2 szdndsuanddeiundudndue Tnefudasadasindothua
Touwdislunszaniu (Output coupler) avdsduaseanin



2.1.5 AuANURvaLALYDS
1) Monochromaticity
Ao SWHSETIM NEAA WYY @iRe) aransagldanmsifimiuniisees
dufuaunng

Line width
FWHM‘

Avis called line
width

g

White light
beam

»>
»

Width

Py et R

Glass prism n VG

= i =t " i v o ¢
EUW 2.4 Lasenuusa (%78), EU?’N“U@\T&??UE?TLLHQLEL%@? (2727)

E2-E1=hV ﬂo = (26)
A 2)fel ghnkinmsvesnauoianay
AL Ao FWHM (wavelenght) dinewidth
Av 7 Ao prudvesdy

2) Coherence

vizoplihiilaasUsyneusaesaeniidnsmaunn Ansusiazesneyasyi
wihiduduindelas. fniudasesspuiaosuaspaninetiidasedsiiuasiu  uasign
UdezeenunainytaealnGeling | uavATETIRAUANN Y Denitudsazeduiignudes
panuniliavnsliuitey” Wialu  random waspuvas i ulatassssuanlaeiiluay
$uni uasdulmsisud(ncohérence dight)- auriisvesuatiawesuonanazliuasdiien
v eAuvesAnaesIEimdfsaiumue.FrunaaesiaFont  uadlaBioud
(Coherence light) sregaaduenmiud vararuduenius wavmnudveaduananse
Andldanauntsd (2.7) aunnsi (2.8) uay aunsi (2.9) auand



syprATuD S (Coherence length)
- (2.7)
C

nataudusius (Coherence time)

t ~1/Av (2.8)
&
g1 Avmldan

Av=cAA7 ﬁoz (2.9)

3) Directionality
SuanaethsahntBliasshseasindhaqlifinssuwlaivesn fuiupiny
WU ILEURIm DT IzanaHR AN 1 UsEBE N aln as %@’Lugﬂﬁ 25, wansdanguaesauasiv
SRR

divergence angle

dia. of bearn waist W

Ui 2.5 uansilimsuaaeduasteslnisiuiaiges

4) Intensity
waalodeziind la Aeutg Aniduudstanasiosunnlussey
malnaq anunsameanudiadlilunesvesdnsiiisaionuazied wandluaunisi
(2.10)

ik il

Phot =
oton output rate ) > /KT AAAvV
& =il

(2.10)
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5) Focusability
wanawesannsalviadugadngldlasiuaudyy svuansninnisvene
o A
auanaweslugun 2.6

Qensity

— *l__.... ,‘.—.L'W” ——

d Loy o €
SUN 2.6 WnARMsunsdLaLa a3
ynAvesYeaElvianmalan
d= fo (2.11)

2.1.6 Ussnnvadiaiaad
M v ey A
kg Sandiasanittavalnuatoluuaslanstunas e 2.4

A5 2.1 NTIMUITRAVESLA DS

Classification Examples

Active medium Gas, Sotid, Liquid.lasers
Emission wavelength IR, Vis, UV

Output power 0.L-mW.— 600-W

Beam spot 0.4 mm —4cm

Beam divergence 0.2 -18 mrad

2.2 Lidar (Light Detection and Range)

Huszuufumingmileutuszuuisens udlduasawesununisldnaudygiaingly
isnnsnihldanuwiugwnnni Tudlaqgiiu Lidar M Jueumesdmiusaduindoudnluiid
Tnefiuaes Lidar l¥Aumingseusn Snaudddluntsdrsamunanilagldandion
fifisyuu Lidar

2.2.1 Lidar lite v3

gunsaliifiudaniiivsyansnamauaznsTauasessrezvndlugaansolily
viugust waseuwmugiu danidefegauasiivsyansamnisvhauiigs Suuadnuay
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ldnmsgiu Fauansluguin 2.7 Tneusyansninuea Lidar lite v3 wandlumsned 2.2 Auaudi

¢ =
Yaaalgeshand [2] Tumsean 2.3

AN5790 2.2 wansusEansSnneeas Lidar lite v3

Specification

Measurement

Range (70%) reflective target

40 m (131 ft.)

Resolution

+/- 1 cm (0.4 in.)

Accuracy < 5 cm

+2.5 cm (1 in.) typical*

Accuracy = 5 cm

+10 cm (3.9 in.) typical
Mean +1% of distance maximum

Ripple +1% of distance maximum

Update rate (70% Reflective Tareet)

270-Hz typical
650 Hz fast.mede**
>1000_Hz short range only

Repetition rate

~50 Hz default
500 Hz max

A15190 2.3 uansnaaNlRTD AL Yas

Specification

Measurement

Wavelength

905 nm (nominal)

Total laser-power (peak)

L3 W

Mode of operation

Pulsed (256 pulse max. pulse train)

Pulse width

0.5ps (50% duty Cycle)

Pulse train repetition frequency

10-20,KHz nominal

Energy per pulse

<280:nJ

Beam diameter at (aser aperture

12x.2.mm (0.47:x 0.08n.)

Divergence

8 mRadian

SUt 2.7 Lidar Lite v3
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2.2.1.1 ngufni1saniueu

'Lumﬁmﬂ'wqUﬂsdﬁaxﬁwmitl‘%'uﬁflm'mﬁamé’awmé’a%’ué’mz\gﬂmﬁau
Wuusgdniouflussduuadnesounazliniailigean mntugunsaiazdsdyanudeden
Lﬂ%amﬁmmmlﬂﬁQ’%’uuas%’mﬁu signature wﬁamwnﬁuqﬂﬂsdmzﬁmummdﬁﬁﬁm%’u
sprnadl "gud’ Aununuadiiiduszer q udnnisiananeadiinlugunsaiazii
Myinshensvhynvesdsiléin mslé’%’uﬁa;&aLLsiazﬂssaﬁamiﬁaﬁ’fgmmmLsﬁa%ﬂé’niuﬂumﬁ
nstuindaadounduiiriosiu iniinsdugdyaranadnwsazgnituliluniisaiud
Wutiufinmiuduiug nssiusuadsdeluazaguiunadeuntiil iiletagluszegmanis
azﬁau’iﬁ;ﬁuﬁdé’@ﬁmmLaLseja%ﬂé’ulﬂé’:qﬂmgﬂﬁlﬁm%w‘]Lwdﬁﬁﬁﬂﬁ.ﬁmaamLﬁmﬁummﬁm
sunuiisumisszegmeiiaenndeaiulunuduiusivuiinly

gunsalfand s ATlEI vundadyy e iingeanluainuduius
seilouiierngage mafgmmﬂaulmmLLiawaa'msuaﬂnmuavmﬂﬂuuaﬂﬂsmmmmwms
1@3UQQE§@ﬂﬂ’I1ﬁU®1’Jﬁ’JQ%U’]UU

ANUULTITRIEY AL IUIINYIIAYeITRgIanvaIn sULRINd ey tuuay
innusidryitgndeagnAtuaNR N RABsTUNAN BreegigafemdatnusidnisTniiod
ndiesuazaunIiazduINErsgediaviuag sy 1 ol Waliususalunisingunsaiay
Framstiuiindtandiuasiunsvh o denusonase

= ¢ YR ° 1Y <
ﬂ'ﬁ'ﬂ"l‘ﬁ%EJSVH\‘W]LaL‘U@iﬁl3'37\}'{|U1ﬂﬂ’|1.|']5§]ﬂ"|u1m1ﬂ’\]'m'ﬁl]ﬂ']'ﬁﬂ so=ily

Pulse width
WIZ30E s massriiniy pt (2.12)

10us/cm

2.3 sUnuunsdeteua
2.3.1 12C (Inter-IC Communication)

Lﬂuisuuﬁ"aawﬁayaﬁwﬁw 2 anglun1sdstolanadig SDA (Serial Data Line)
wazae SCL (Serial Clock.Line) @& 'SDA ﬁaaw*ﬁ’l‘ﬂuﬂﬁﬁa”ﬁaga wazane SCL 1Wudmyeyin
RIS AT e ATl SEUT 12C-Bas Hidsunsiananuisnilay lu
Jaquuiigunsaldiinnsotindnaneiildssuuilunisdeans Mewanaiiinldasdyaiu
tos Sudwineanuiige uavannsadewivgunsallavatsda vilalasnisiua Address
voausaymldlimiioudu e

- Master Apgunsaiiivinnsdsdioya

- Slave Apgunsnifisudaya

TumsflgSufndeiussuy 12C Bus siudpsiinisadaioulvvosanedygyia
iielvigunsal Slave wisusiudeya FoulvAely SCL = 1 waglk SDA Waswamn 110u 0
flagunm daumsugansdeansilalag W SCL = 1 waglsi SDA wWasuan 110u 0 919
U7l 2.8 [3]
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= N/ _V[

START

o
=

< ° a v oo
E‘U‘VI 2.8 AMUATALIUAUNUIATUTR

Al

ilogunsafidinesviaonsastianaliaunsal Slave-dsy 8 Touda gunsal Slave
sosinsuenilfisideyansuuda lngnasdaln acknowledge oonlufia1s SDA Trgunsol
manesiiiteiatlddriaiainiunlifaunsal Slave 915U acknaviledge azdsoonly
1nguUnsal Slave MRy QREnIgn 9/ asdetin-acknowledge ponlu¥inlianziians
SDA fiFnaodn O-atdnslugii 20

« TN A

DATA QUT
Y/

BTART ACKNCAWLEDGE

g‘dﬁl 2.9 Acknowledge
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2.3.2 PWM (Pulse width modulate)

PWM AawmAtian1sasdygraluuaing nieo dsafinea 0-1 lnelidymyiu
A ﬂﬂim‘UﬂmzUznmﬁmvfyﬂmgmasﬁfgmﬂmﬁf'} fisaitu faglvrusafuaisves
doyeyreuaing sranusae dmsuluga PWM 994 Arduino imanuazidun 8 bit wie Usuld
255 seiu meurdyaios 0 Taadds 5 Taad srgnuanadudygrauuuadaea axle 0 s
255 Fusaunsadisudadiumuinniniarede 1y wmeidneals (4] Feudanslunmi
2.10

Pulse Width Modulation

(0% Duty Cycle - analogWrite(0)
S5v

Ov

25% Duty Cycle - analogWrite(64)

AR A

ov | v
50% Duty Cycle - analogWrite(127)

Sv

Qv

75% Duty Cycle - analogWrite(191)
% L

fl o s N dan SR

100% Duty Cycle - analogWrite(255) ¢
1 |

gﬂﬁ 2.10 1La@my Pulse Width Modulation

S5v

2.4 1§Winv11 (White cane)
2.4.1 UseAaldiinenn
aunvanlaldldvinfionisifiunisegrdassdunaimaieiud lugrmans Ui
NusnAumUsaiimanaiwanmeiulunsTdldinh veedldiietatlesativunsiinudu q 14
iwhderieuauimnunidaaniiouu lidwniuaisnuiismsuldldduiidn
unseiivaioasnsulanadeit 1 fnsandoefiuunninsemalaiaunlsivinundususu
usnagrelsinunisldwisdnnanaedudesunisssunluglsundrédsluawdnunie
Junsevisitsasnsulanafefiansinsaialivh ifismeunasinmswaunssuumsiineusy
nmseudnfinuenluld wieusunswauveslivihifiussloninasimadaiminzaunny
ngunefielirumuenmunsaiisiuiianssasuazoinsidagraviniioniu (5]
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2.4.2 Auevadliivinea
v v & = -y oo <
Hiwhvnaasen 42 17 Waude 60 97 Tngldviheniuansdugui 2.11

sUf 2,11 Whie

u

2.4.3 Faguadldivivn

1) Aluminum: tube galiflonAaudrminiazadaiss manililsviane e
Unswinifaviannasn Aleusinamufies N onaniaias e AU uiuteguind
mnuanhsalunisUsyen il fdaivan s bl amisesaglimevhidonss us
anunsalgluld@unaiuu

2) Solid fiber glass ﬁﬁgm%qLmu,asﬁwsjuLaaxwmaumswammwadﬂmmw
fidmdnieanslwih Iwosnandiiduvasud sl deeun ziasm mmﬂ‘éﬂﬁwamuﬁmwﬁa
mﬂr;ﬂ%’%m,iaL’fJumwan%uﬂué’umiwﬁam'ié’l’uﬁa

3) Fiber.glass-Lyluasnanamiiminiuinasldaudasing susinsanduiiall us
wldiialfwunaialpeldvindny duelionamudemsazgplast Wdetuunninnaldlu
wosnaaiiuunliufiiruntBuazuanaaioss 1 o

4) Carbon fiber @ulopisuoulnussraudaudwasiinnsinduidniasinu
dmlnuuasldanudie Wefsuiulowtnarsmiueulimivesiamuudusuagldinanuny
nindntesnasanueain

2.5 TUsunsy C++
Muvosmseulusunsuldau  Arduino  Board  ldawn C/Ce+ lew
Usegnaunie Structure, values (variables and constants) LLayg Functions [6]

2.5.1 Weangunan(Structure)
duisddunanlunisifeuldsunsy Suussedilunnlusunsy
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1) Setup() fo HeiduldlunsussmaniSudu  dundamesaildou siuds
Hedtuieglavdflion  Wuileiduivhoufiosadafion ssvhounede Ansen vie
Fynedodlul iy

2) loop () fie HerduldlunsdeulAnlusunsunsyieues Arduino Wuiladdy
n15uguly

2.5.2 ﬂﬂﬁﬁgﬂ’luﬂﬂiﬂQUﬂu (Control Structures)

Hugedslumslilumsdndulanmisesn weldlunisvie

1) If fie Adslunsinaule wuuindenidien Tneldausandu And, Or Not, ==,
I=, <, >ieldlunsdndulalumsmdnou

2) If...Else fio Arddlunisandule wuurarsduden Iaeldausauiu And, Or Not,
==, | =, <, >Weldlunisinaulalupasmdimey

3) For mds FOR-flumdsrimuaiioulsBusimayniiiagvhnugaddasing q
ey loop wineTddiuruusshndlilnnsdaeiuas

a) Switch case—fdi switch case llunissamsdoulunansdoulalaianiy
mildnulas@aine  mssuundeululisdudesadolenasioudsiiumsuudumiy
Yoyauuudpaldls

5) DG... while #ds do while s d it wisldiimsiaiiusey ade q md
while uln@suArEs do.while 3¢liivinmad st loop.do feu Wadaaiansandoulaly
while drandanluly white 1Shiads %ﬂﬁ):auiauﬁwﬁwﬁﬂuqﬂ dosipty

6) Break A& break Idumdsiiiilsunsusanain toop siid Tnglividdai
wideso dauin dedesldrndedl Adeinasnsanaoverisdnogni@nou-aids break 4
anunsaldlaniutoop waas 9 leop Liviazilu white, doiwhile, for, switch haziu 9

7), Continue @ida continte [Hdmudalvinduludusuiignsudinlm 1ty
ﬁﬁ'ﬂﬂ’l'ﬁuu@ﬂﬁiwqazsiwﬁ’uﬁﬁuwsw*h Al break TuaziTumdafiesonan loop @
ds continue shuasduddafionsslantudeiy

8) Returnfadreturn noAdsnasneylshldnduosnldadnileidu

9) goto ATAL soto FuFARvilY Asvisvitussait

10) {} (curly braces)-auiutlnnause~4} Lﬂu?iauﬁéﬁmaamsﬁau‘lﬂmﬂm
aw C imslélulassadeiiunnsrstunaisdsznisiisyy  uazusniionaagyinlifnaany
Fuau

11) // (single line comment) AMdsdmsuaiutenio comment Tuntund #e
douivaneiavpuedldsunsufil el Boulusunsusuneiiivasiuly source code &4
aoulmassazdmunmsulanaludrudiduneudiu duves // (single line comment) azifiu
NSABUIUUTIVIALRYY

12) /* */ (multi-line comment) AM&sdmsuesuieia comment luntund fe
E’iauﬁwmaﬁamqmafﬁ.ﬂiLmsmﬁliﬁalﬁﬁﬁwiﬂiun'sua%U'mﬁ'lﬁ’Uﬁa’LU'Lu source code s
aewlmansarinunsuwlanaluduidunsudiu dauves 7+ % (multidine comment) g1y
NISADUIIURAEUTTVIA
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13) #define Define Llunsimuaaninavsingg lrfudevesiaad
14) #include M3fvuadolndnumnds Include sgldiaSamuneg <>dwudunis
snldanladnme’ Wiolawmesiidvualideuuds lneunfiesdulnamed include usén
TheTowmue © 7 Wumselndan awes vie lasaned ﬁﬁwé’aﬁmﬁaag}'ua&lﬂéﬁw
include Wanifasdaslaifiiter®u main)) Taesnnazusznevlumelusunsubes fmmsi wie
UYDAIILUAE
2.5.3 Arithmetic Operators
1) = (Assignment Operator) \A38e¥n8 = wuneda 1¥A1an operand Heun
1Ulalu operand Hagne
2) + (Addition) \A3asAne + Wi nsUIN
3) - (Subtraction) LA = Bd 0158
4) * (Multiplication) 1ATpav1y * Vo AITAG
5) / (Division) LASeeimse)/ e Asha
6) % (Modulo) +A3DIVENE % VBRI LARINA"SHIS
2.5.4 Comparison QOperators
1) == (equal o) A3 imiE 22 miasdeviaiu
2)1= (not dqual to) LS = vanuiekliviady
3)% (less than) 1ASp e < wuafalasnd
4).> (greater than) VASBAEAE S M pRsaAR
57 <2 (less than or equalte) iASsavi iy <= vanef wdnnavsaiiniu
6) >= (greater than or equal to) nse iy >= il tufleenivzawiniu
2.5.5 Boolean Qperators
1) &&,(and) A5 muE&R (and) valiBt wee @Ad)
2)\[| (60 sp3osmabe ) (on) gt vise(on)
3) ' (Not) AL TE Linot muaefs 1l (Fot)
2.5.6 Pointer Access Operators
1) * dereference ‘operator * dereference operator MUNBRwWIRUTIUNT AN
2) & reference operator.s dereference operator #UNIAIANTUNITUAE
2.5.7 Bitwise Operators
1) & (bitwise and) 1A3peMLNB& (bitwise and) Wi N3 and Jnsada
2) | (bitwise or) iA3psviane | (bitwise or) Meds N13 or Sadadn
3) A (bitwise xor) LASEIMLTY A (bitwise xor) 91883 15 xordnaedn
4) ~ (bitwise not) 1A3oMINY ~ (bitwise not) Mueds NsnauTntmun e
PRIINTREY
5) << (bitshift left) iA3aamng << (bitshift left) wuneis nsideudnumiedie
6) >> (bitshift right) LAS DMLY << (bitshift left) wuneda n1sidoudnuImiaen
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2.5.8 Compound Operators

1) ++ (increment) W3osne++ (increment) visneda n1siiu A lsfTy
s

2) - (decrement) (30318~ (decrement) sisnedls n1saneisrliUs
wus

3) += (compound addition) SO += (compound addition) %188
nsuanATlARUALUS

4) -= (compound subtraction) \A3DIVINE-= (compound subtraction)
wunets nsavA i uAuLUS

5) *= (compound multiplication) A3DIVIINY*= (compound multiplication)
vianetia MIgAiiUAILS

6) /= (compound division) WS INE/= {compound division) %1884 N3
AR UAILUS

7) &='(compound bitwise and) DI = (compound bitwise and)
e N5 and Alnnudnus

2.5.9 Variables

1)“Constanits 1uphafidndsiitin Lidasmind esonse iinnUsy noudu
Faud 1 [husdul Hisusnénwugath:lpotmtissesdona’ INPUT || OUTPUT]
INPUT PULLUP ‘dAarsimatiiuanst i3 iUasinritlediadii HIGH #1350, LOW uaylfisled
nssuniedsulunmiled-HIGH wiiusesuanin 4, ON, #3595 volts Tuvneii LOW Aa
seAUandn 05OFF, 30 0 volts

2 True | False #rvanilidurnnsil Booledn quananiutssduaadn FALSE
e olgud) Tugnied TRUE sevtiiefs 1, vioadlsilaally AW Fatiulumnsaodnudn -
1, 2, -200 AgMNafia TRUE

3)Integep constants tufndsitusuiiiuiianlabluiiganaion uazifiudn
16 bit HA152MINN32,767 B -32,768

4) Floating “poirit ‘constants, \fiuiuUsiugrimiusuavlagliiisanais
wawliuA 16 bit JANSENIN32767-04.-32,768

5) Boolean \{lupnsdi flaoar Ao true way false

6) Char foyaudiadnuss 14iilo7 1 byte

7) Unsigned char dayaviingnusy liiAna3oamuns

8) Byte fuUs byte \iudav 8 bit laifination a1 0 - 255

9) Int Wumulsiuguiiiuiuadlagliiganaion uasiud 16 bit e
S¥NIN 32,767 D131 -32,768

10) Unsignedint dayaviins1uiuiy luifpSomany

11) Word Aifiu 16 T (iuAndaus 0-65535 wuiieniu int

12) LongLiuudsinaudunuuvenelaybiflaanaden ifuauy 32 bit dan
S¥WINa 2,147,483,647 19 -2,147,483.648
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13) Unsigned long Tayariiasuruduuuuen lifniedomuny
14) Short %’ayjaﬂﬁmﬁ’lmuﬁmmuﬁ'ﬁu 141de7 1 byte
15) Float §iutswila floating-point viasuusiannedey Fudsidiaunni
Avasianlssiuud Tneldiiloiiu 32 bit
16) Double toyavdaiavnatey Hiiled 8 byte
17) String - char array aziinsiivlayasy 2 dw duusnasdudayadidnus
TnenfuFesiuly wugdnd 2 afugpdugnuesania
18) String - object N15LAUTDYATRIABIANTIULMIIEAIUT
19) Array fuds arrays wiedudsnarefififuduusiianansaddaladansa
Fu3e index Afauuslu array enaidenldlasseyie array uazsvyiiindex number fauls
array 248l index 3uduann 0 Suus-array agfewean deuazihluldany warenaruuas
Sudunielaiile
2.5.10 Conversion n1siyasan
1) Char () utmsevayality char
2) Byte () ulasdrdagaliiiy byte
3) Int () wWadFnvealiiby int
4y Word () itlasatipyal il word
5)Long QLiasattioyalyiiilong
6) Float O utaswrpualviiiu float
2.5.11Variahle Scope & Qualifiers
1) Variable scope frndsanunsansanauB s ulisunsldouvoid setup 0, wia
arndudsonetu e, LLazmm‘%’jaﬁﬁﬁ"qmﬁ'gLLUima’LunEjuﬁﬂﬁf’a for toap @annsrnsauds
Tunuusng \d@tevouwansiismls, viesnifaniinisiisunsussaisaldfmuusiu
fudsuuy global- sfumudsilsinsussaiiiiagldulianmilsiuuaennnauady
Tusunsy MudsieerarinonBudulsingy few'setip ) functionfalisuuy local u
fhudsitnsrnneluildunSenaslundud®a for loop, fudsthufadiuuarldanulfiams
moluileduiidusen Safuusutuieniidesaiiliuiaz e Wilunmsyiauiefuudas
fhazldfuusituansinAaistusasudai
2) Static Audnuvunsiildlunisasesuys Ifemidailaddu
3) Volatile Volatile LaﬂfuaﬂﬂaulwLaaﬁ’lﬁ'gLLUiﬁgﬂmeﬂﬁIamaﬂwgﬂ
Wasuele
4) Const Amdn const goanneas sudufuusiviuasunginssuves
FuUsTivilisus "susgraiien”

5) Utilities sizeof () tuanuau element Tu array

2.5.12 Functions
1) Digital I/O
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- Pin Mode 0 Pin Mode l#lungu void setup () iilerwuanthiinives
lalasmeulnsaiaasillu nSuduin INPUT wiseundsdugia OUTPUT

- Digital Write () Digital Write AadeA1a03n HIGH %38 LOW ({WUa %30 Un)
U digital Aifmuamneiaveledentmunduiudswieansd (0-13)

- Digital Read () Digital Read fdsiignurnan wiledfignimuslsidy
digital pin e3¢ dnadwiidu HIGH wse LOW mnaiaviledonaruuadusudsudodansit
(0-13)

2) Analog I/0

- Analog Reference () Adsiimsogldluntsdausedudnadsdadudssniy
duiueunden fudeniidululindinniussdulniddeudeniidnisiuasuudash
8199A T MaNsNIINeUNARNe W O-a2lHignfas

- AnalogRead () andsiiguAnanu Anatogaylsan 10 bit Adsiazsiianu
furn analog input0-5) Wi uaeldnasitGYsauIu iR 0.~ 1023

< AnalogWrite- () =/ PWM (Juridai@eudT analos feulasls hardware
enabled pulse/width modulation (PWM) TUfY output fgwsovin RWM 18 Tu Arduino
juimﬂﬁlsz’f%w Atmegal68 AT D R AtE Se B O]9, Moy 11 dN Arduiﬂo‘af‘lJLﬂ"lﬁ
T4 Atrnega8 995093 UMENT 9, 10 tay/ 14 AT tua s i ushuUsuIoR asfiain 0 -
255

- AnalogReadResolution ). Analog Read Resolution O:1fugiuvensves
APl auldend iy Arduinotiiedann e (s T@rITARndUlng Analog Read
Resolution (Fsiuiisindi 10 On (AapeuunEsewing 0-1023)dmiunrmidhfiulsdounds
AUALLNG AVR

~’AnalogWriteResolution ()’ Analog Wirite Resolution (Adudruensves
APl 8undond s Arduinolilesann Analog Write Resolution () fwunsiiuazidunveinis
Analog Write Resolution-() farias Sudumuti 89 (A1semine 0-255) d1usuaudiiu
TotaunaanunuULKIAVR

3) Advanced-l/O

- Tone () Tore-ABNIs-a3snauAmABIATATNITLY (50% waziovdu) Tuvn
sgpzmfieunsasyyliasiunduar ivgrouniiagldsunsdensediNOTONE (0
anunsaidousafiueen Piezo w‘%aamﬂuﬁ'G?qﬁwiwaﬁuawuﬂmmmagna%‘m%uw%’amﬁ’wﬁ«.ﬁm
fdesifiogudnduuuniuandnafudedns 0 lifine Sidesiiduuueifeaiueziing
AvuapEivenIsing

- NoTone () No Tone e viganisasisadudivdeniiinain Tone () dnadh

Lifideaggnadeavulid
. i ¥ =& a a v a Ao v A 1w
- ShiftOut () Shift Out ¥BwaYanilaus LTuAUIINAMAAYVEN (YUY

an) idAoeiige (11ge 1E) Oa Unlumsdaudavasinsgniloudeyidoyandsaniiy
WIANIANRS (991ud7) Aonuansbiiiunanansnsoldls
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'
v o=

- Shiftin O Shift In () vesdeyanisle BuduaindaidAyiign (Yudiegn)

&t 4

A o Q) v d - o s - = I H".: 1 v 1 - 1
nahdgdesiign (¥ga 1) On dwmiulaveswnniinudazauazaiivgseudaselyain
aedayavaziduuninilvsiasdnase

U

- Pulseln () Pulse In (gav3ash) levieen fethaduiAigese Pulse In
wnseienly HIGH, wanufuudisesumeglussiviuarnafiazngn gndenduluniy
AuE1e Pulse In Ty microseconds wasannanfiuiuey, 0 gnaanduanlaidl Pulse In 1
Sunanitetduiléfunsfinnsanaulsraumsaiiazazuansiefiamatslusnwesnduseoly
Mauswiunesalulaasening 10 Sundivag 3 ui

4) Time

- Millis O Fdsiecldnasndananiuiiadiuniiuanasnii Arduino boardl
Guduvlusunsutlagtu Al dusa-ansigiedtong.aunm 32 bit

- Micros” D~ dandusiuiumes  mictosetonds  ldrwlutudusuasa
Arduino Yhaudauitlldsunsy Gauan midroseconds FausTUsh0 Sy

5) Delay () vgmmisiulusunsudmitasvanveaias (b milliseconds) sey
Wuwsiiwed @ 1,000 Tedwimtufidendu wilseconds 4 Suauiainfilunisganis
utng

~Delay/Microseconds () §1131. microseconds. Liomyalusunsudiuau
yaaan (lu microseconds) syuiduwisafitaes AW microseconds Tuflagiui

6) Math
~Min O Fdstifpanaidesn i i dullosAusiitosns

a1 A

~ Max O imusmnaninnniaus il sduasfiuaniiuinni
- ABS Q) e duysive I ndna s abe (Flitlassidunis
vandeanslianiuay §aelusivenatilugiaamsitligndos
- Constrain (JConstrain @Bn2331AATLI Constrain AgAANAUTHLANTBYR
Wannw Umauuuasﬂmaei'lwm'zj"saﬂﬁmwﬁa:ga
- Map 0 whmiisurua ntarteluSian duRorudsfrom Low axldsunis
maplU to Low Arvadaanaslu toHigh altuseningAvmlusenan -
- Pow () AiuaidTessauauiisndads Pow () ansnsoldiiiefiusununsld
wsuiiluevd SesduusylonddmsunsainunuiinistuawesrnvieidulAs
~Sort () MurmANsINRIdewes UL
7) Trigonometry
- Sin () AwamAn sin vesu (5ifew) Hafldasagsening -1 uas 1
- Cos () Auand cosyowy (1sifeu) waitldazagsendng -1 uas 1
- Tan 0 Aaunueudvess (Sfey) nafilfregsenheduiilifiauuay
Ui
8) Random Number
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- Random Seed () Junsivuasnsuduliiiu function random.
Random () lagldlunfarely Tnartesnunazifiudwiisiawe @9 function Hliiinng retumn
ADBNUA

- Random () Mardududiiay

9) Bits and Bytes
- Low Byte () wendudsiidu byte ﬁﬁ?wqmaan
- High Byte () wandaudsidu byte ﬁqaqw‘ﬁaﬁmu'\ﬂhmjaaﬂ
- Bit Read () 81U UM U999
_ Bit Write () Weudnvessulsiiy LN iy
_ Bit Set () wnrndnvasdaudsiiu "1
- Bit Clear O Clear0fuasmuUsitdu."0"
- Bit O Arthueupsdndiszy
10) External Interrupts nM599391323AN8UDA
£ Attach Interrupt O nrsivusilsndulminmsda Samedinieuan
- Detach Interrupt ) Uan1509¥UANISIAREVIE
2.5.13 Interrtipts pas9aasnazannielu
- Intérrupts () NFUATIIY
4 Ne Interrupts O Uanaslgniun1sindsmay
2.5.14 Communication m'sﬁams’ﬁaa&a
- Serialldnvsunsdaanssninsete Ardung sadasliannasuiogunsal
B 9 vianuun
“Stream g LA WU v U

2.6 Arduino

Arduino uvesalilasroulnsiaesssega AVR TidnisWaniul Open Source Aadl
mn@mma%’ayaﬁ%ﬁm Hardware:uay Software i3 uasn Arduine gneenuuusnluldaula
ey ﬁaﬁ?u%qmm:ﬁm‘%’uﬁﬁuﬁuﬁﬂm wzqﬁc;ﬂ“é’j'mué'ammmﬁmmm ik Wausesen
Washuasa wislusunsudeldandae

ANUETaein  Arduino  lunisdegunseliatueingg  Aegldauanunsasreisss
Sidnmsefindannnisusnudndousodnundivn VO vesuesn wiaeauazmnasaden
AoAuUDsALESH (Arduino Shield) UseLananas) 1@u Arduino XBee Shield, Arduino Music
Shield, Arduino Relay Shield, Arduino Wireless Shield, Arduino GPRS Shield gy 11
\dounuuesauuuesn Arduino udlsulusunsuwmuiselaiay

2.6.1 Arduino Nano
Arduino Nano fuuiaiiied 1.8 x 4.8 wufims nIadauinuseuiniiniuiile
94157 Y9 Tvurndnunn esuivuesalulasroulnsatansdu vuuesa Arduino
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Nano ﬁ’uﬁaaﬁﬁm%’w%’uLgiaﬁ’ulw“ﬂﬂﬁmmsauﬁ’uﬁaﬁmaaagjué’a WEaWALS AU
) . ' YY) a ¢ ¢ & v 9 Yo a & o
@18 USB 1W1AU Arduino Nano wagsainnuraufinmed uasanwsauldaulaviud Weadsu
L3 v (-] Y s 4:’!’ -::
a1y USB vasavaasfindaudmsunisdeulusunsy Tasendelwidesiuiainaiy USB [7]

31J‘ﬁ 2.12 Arduino Nano

2.7 Bluetooth

Bluetooth Humaluladmauiingrduduiierniwsdsnuiinsiaeada uazdu
vuselulugUnseisiey idesiotmuiniesresiamaiviiliants geemnanmsldaeinda
FaliaveanfwnngUnsalaglusnfiuaseiud anrsnifoun-sinde laviuiiduouiaanalulad
Bluetooth azgnwimlititlutinsg wnsdsnserasatisaelungueos 17 melusaousd
viegunsalliiihaneluddelandniinietisnielunis winssinedathedumesiiinmh
Wigldamsaauauaynsailutiny wnssesinals

Bluetooth lunsdsdayailuy 2 wissswingunsal Mgunsniidmalulad Bluetooth
wileufuiiaaTsoialuled s miingeaudutsennid 2,400 uay, 24855 GHz.uaziile
Jostunsrufivtesdyan (Tvaspandladfestudyaim Microwave) 38nsdsazende
waluladiideqn, frequency. hopping Aeilndnalsiayiuie seuuido sy meoniiu 79
F09AUd (Yody 1MH2) LLamxﬁ’]msLUﬁ'UuLLUaaixﬁwmmﬁuﬁ"luﬁﬂﬁqﬁ&é’murgm 1,600
nsadla 1 Funii

Bluetooth [Wouselusviltu-criented service Gsaedl 2 toamsioanslusesiien
master way Slave Insgunsnifislaniuzih-master asidushaimaidousionisioasaush
gninevde Slave sufuignAumiduidousiolagluniligunsel Bluetooth awsaadu
aouz viwhiladuiuld  (Hulifs master uay slave lunanifivaiu Gond1 Scatter
net dunaléianamiuuy notebook axiiu slave wes 13es PC ualunanfentu ¢
notebook 9u10u Master \Jousodn 2 gunsallurnseudung)
Tneuniud Bluetooth ©f aunsaidenegunsalld 8 & (1 Master + 7 Slave) [8]
2.8 waslwawnas (Servo Motor)

woshuewmes (Servo Motor) Wunaimesiitinisauaunisindeudiveuiu (State) T
wilussey MG yunisvyu Tneldnsaauauuuutieundu (Feedback control) 1w
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gUnsaifianunsaniuauiaiesdnsnaniessuunisiieuifuqldifuluamaiiu
A0INTT 1PN ATUANAI1ULST (Speed), AauANLssTn (Torque), ATUANLSIAILIYS
(Position), 'ﬁxasma‘luﬂ'ﬁl,ﬂﬁ'auﬁ(wqw (Position Control) vessnaimasly Feuanadialy
Liannsamumsludnunzanudosiuld Taslinadwsnuanudssnisiifianuusiugigs

YUINYDI Servo Motor aeiinuaglunisuenvuraduing (Watt) Servo Motor 79
Panasonic xuanaus 50W-15kw yiligldnuiiaumarnvarglunsidon

2.8.1 NANNIININUYVRUTDSTIUDLADS

mMenuengeiluewmestiniazadefunmsinauresddasdanomed 3 wa
nanAeulelinsmugilineulnsameiiensrudlniudludaaainfiamaes unumdn
vosainesaznatoduuslmaninil waswsueadeuidisnniudsduauaiud e
Fend1 mnusdalanida (Syrchrofous Speed) WiamaaiitaauuudmAnmyy uLazazgali
Tswesaaduwimingrisvispundouiini

nndnvuelnssaiiivadsinaiuasnannisiaruiivileufivglasiauemasaady
sawasiuuied AdlifitusseTu (Brushtess) Lifldnosdamassod swhlvuewmefadniitde
SunvULAIRAINUOan LU 9]

gﬂﬁ 2.13 Servo Mator

uai:.l' &/

2.9 UL NNEIVDY
2.9.1 1uFTuneludszine

Tl A 2017 Mgaua-dunivssasg Wadaierauaiowudaioudsiauig
degAnsmeaeniteliifinimis 10T aemilanudasadelunislidinsesiiu
uUni wamsianldie3sudaeudsiavnaiedinismne memitusznouse 3 da fe
duflsuy dawudi uazdwn erfeudnmavhauresmsazieurasndu Tngusvondld
wuwesuuudansilelin SRFO5 uay HC-SRO4 wwiwes PIR (Jushmsiadudsinunauas
muaums vaoulagldlilaseulnsaiaes ARDUINOHATMEGA 2560 yiwthituszanana
nan Taems  vhawmeaedsadudoudiarmaiiedfinismemeniinamnildunsyinny
wuulFaneileazandonis oy msuansdyaaafioudfintsmsmenliiuiindiddiang
il 2 dnwauz Ae Msfuvoaaweiuar e 3 uuu Ao “Tusnssiifsugay” “Tusnssisfau
wanwaurz” uaz“luseseTaney” dwmun Tusunsumunuaosdafoudsiavnaiied
fimsnsanemazEuieuiedsfinneegvneeingfinisma a1em 40-60 iwufiung
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2.9.2 UITANUIENA

Tl A.A.2012 Y.5 H. Khraisat ¥1N1500NWUUTEUULIANS DU s [11) Falu unanny
flevihmseenuuussuuisamisursnsaiitelflunmneiuing  Taensaunudegy  180°
wazsEoEMsEHIAsAERUTRgegT 10 wu. f9 80 wu. svuviiiinisld luleseeulnsaiaedly
mseanuuy efldasliBudsuduiounarsrosisesingazanusn swlduuminee Lo
wwnadn lunsidunuuaznsesnuuuivhnslnaindueinedar Sumspuduuy 180°
Tneuawnes Stepper avduiduiens IR (Feuszneudsemitter uae 1A30IATITU emitter) az
ﬁqﬁ’muauﬂmﬁuwiﬂL'iﬂLﬁamuﬁui’mqLﬁaﬁmmﬂmﬁﬂswﬁmq drynnnazasviounauluds
\wIpsnTTiunnuaiesmTadurrdidyanaeundeniil ussulrfhuaraninzas
Lmﬁ’ulw%sumﬁmufymﬁax%uﬁmzazma 16F877A%¢  Adun1snsranlIsuazilas
dyaraueundenduiinealald A/Duaglidrdeluilueadd Jeazvonieiimmevasinguas
LARITEEEMIULMTNE LED uasavasdaay nifouluiidatu

v oW

Tl f.¢ 2014 vindsgananttuvalulaidwie tungatiaed aselivndaaioy
"mniniau’ (121 fennsaduieiioddunniamisnsueniuitlinulsivid mnddiauana
Aogeumtil froszoenaai 3 s ﬁqﬁqmm%’ui’mqﬁag’mﬁa'sxﬁuL‘ﬂ'ﬁyulﬂ P sy
visothofiueerin Fudulymiifinisnduitintleldlivmivmaivussmausniau
n3vdudsfinansdannasldadudensansienan | deludeinnsoudadld ~ uaviilofinaudes
avviounsuun Lihseesustesdud sufioliidlfuAstiirmsnasiay siya Auis dRnis
orenasiamanediaiviag vont AnssRugivieligulavesmnatildomuluoy
viosnuu lidTasluyhen nfuthy sSesiulusisassnaud ) i naniuvnsastia 25%
PndnTieeiene o i metildnanides 7 uiledaiindy aansTansE e wanquely
vilsluiuadwlivhsnde: enfegisrnudnsataslivhistdnvdseunilaiiunnsadu
msuaiiu Wuasiily 31 UddeuewiveisassfeufuvhalUnniidbossinly uwinsuiise
anansalulnusnvledldudr Middudorieinr mndian tunruasafslinuauon 39

auaulan Tusmeddela ganeliv 3,0005U viasn3 1,600 um

Tul .. 2014 1Y.Chung,. S. Kim tag KH Rhee lawannssuuwannandu
§9a308 Android dmsuliivhumdssteliyanatisenuunrsemsaesmannsansaiu
guassaluanmwadonvesaunaztimiamnnluggaeaiemsld [13] uenanids
ansafiueuagmntunsldmuaiotiedelnsiwiaunin  livhenfleenuuuinsesiu
wenndlnduitedugivannininy  Midueeisansledaiionadvasdinundlusnsiiu
warld gyro sensor wlatlaeumsan Uaémmaaqﬁa%ﬁﬁu%ﬁuéﬁu App nswnavasus 14
Tslapeauuuugys V2.0

Tul A.A. 2016 M.F. Saaid, A. M. Mohammad Wag M. S. A. Megat Alic laa3ns
Liwhamnfidunsudadeudmiveuniven [14] lassnsifisesamnafioufifuufalag
1 NI my RIO-1900 . angrsausudsuduseianulndifesdvsunisnsiadvisinuing
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Welvmnziutermunresld Tuvasievinmwdsdudygruyitehugils Tassisiiag
'J'wzﬁaaiﬁﬂmﬁmﬁwnwiaalﬁa&haﬁasz‘lﬂalﬁﬁwLﬂuﬁadmwﬁmmxlﬁﬁwLﬁaamn%’a%aﬁ
P o ar o a o
WNentaaiusregmaiiingUassauavannsilidsey

Tud A.6. 2016 EA Williams , S.M. Cobbina Wag S.K. Okrah lAiin1seNLUULALNTLY
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199Uy raBurusaLuugdmIU ATRTugynIniinseenwuuLasaLiumsIviseuulinig

[ 7]
L%

asavdudyninlaeldieasiudyann Bunsisauuug (15 B9eRssudyyrndunsisauuug
& o a o = & d v o v e L =
Wwneshiiminnadumnssneuaadu #uinhe gadwusliduestesiugunin
o 1 L s EJ 1 o d L3 1 1
asiuBunsusakuugmanglumstesiu - anudasadefusugnasgnuyudynsnetiagu
v e ) aw A4 v 9 2 aa
Tusuims  luninddu  @dunAdeilld  senuuussuumInsadugynnuuulianend
a a o et o 9 Y v fa a v Y
UsganSnmuazietieladamvunediniunis-desiun indduresiiivesmudivasndsan
HynInAelimnuiananluniasTiautes  wasiinstadfeuwuuides  @eanlaeinszuy
asvdudyninlunuitetagdilidwwns nindduannsawionfdesiuduninuaraiunn

a v o 4 ' )
AARDLIVMUNIPLNOUD ALY IUNA D LR

WneATeTiRgatedvgiullsans Telmeume Sun1singe udsinung
wazinsedyneus SansataleLigesivaEsfeminSureiatu iy uazgUndudou
yostunuinasont sapuing, aldasmivitanas. S dAumusTvane1adunaide
\Husthanninggariaugidssanilviiguiunlags duiitedniiduidluiauie
andaidglnaioui e audelfiguaninsedudnduissdluntsnsatn
wnuileaanninnuudngslissuyasadulussasnslog venvaiieedinisdnnisly
anmuadesiurumelfdiasviatiaziay uaﬂﬁnﬂﬁfma}iaLﬁum'ﬁﬁwmamﬂummi
iesndlddnitvginnsansiuegiulsmenuiaanuiiaissizuazdmuiitesisuia i
Isionuuuilasyseivg Suaiaulsnaanansl uiuuuwsslivhengendeys e
mﬂfi’ﬂLLENLaL%‘E’LLUU@:WWLLamLﬂULLaaﬁazﬁaummﬂ*mmalﬂé’u%uma% Lidar  (Light
Detection and Raging) ¥ilils1iignsinissuasdoyag:
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3.1 N1598NKUVLAZE319UNITAINTINIUING

¢ a o
3.1.1 gunsainleTuauiae
Tumﬁ%’ﬂﬁlﬁaaﬂLLUUixwmﬂﬁui’mqiﬂﬂm?’f Lidar-lite V3 &ty Laser sensor
v w i v o %) ¢ A 4

Tun13n3933Uing Arduino Nano dgninunldidululasnealnsaiaesiiiefivzniungunis
o & df 4 ¥ al =1 LY T W o v
Muvedaeiiienavlirszernisesnun Ineaell Bluetooth Wudidayaludand
Jauansra aunsadlunuideilauandlunised 3.1

A15199% 3.1 uangUunspmlsluaisy

5781199 Un 6l MUY (617)
Lidar-Lite,v3 iy
Arduine-Nano
HC-05 Bluetooth Medute
Tower Pro MG995,DIGI High-Speed
Battery 9V
White icane
Resistor 1K
LM7805

Capacitor. 1, R

P — AN R (. |

1) Lidar-Lite V3
TuaRdeilldldiaefisumasiBugunsillunsrsradvingiiludiauaneiu

]
=1

fldau Taeifideidan Lidar {Laser detection and fanging) Mawanslusuil 3.1 insngdn
gunsaifianuilunisamaivaeudisdunniledetiv@uwe seilnd ity Ultrasonic
Hudu Snviagunaiiiefimuusudidautngs agimsuiuesnvesduaniudeudaed
wifesunnilonsiaduluszegitlng viligunsaliifmnumnzaulunisasaduingiiaglu
81A15la

Ul 3.1 Lidar-Lite V3
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2) Arduino Nano
TuenAdodsuluiedoddlulasnealnsamesitivundniitoniaylddnmaly
9137911 F9 Arduino Nano ﬁdLLamTugUﬁ 3.2 gunsoneulandlunsedlansizunai
Aoudeflazidnnitlulasrealnsaiaesviindun lulnsrealnsamesianunsoasuaunis
191u04 Lidar wag Bluetooth e

gﬂﬁ 3.2 Arduino-Nano

3) HC-05 Bluetooth-Module

HC-05 Wgmstuztin 3.3 1uliia Blustooth fildswlunsidassefugunsal
seqansnsdemaiulilsnavlnsiansls s Seralport ligagn.HCo5 A gaslildny
Huldvialmum Master (g Unsnidunn ey uaslnua Slave (Fausofvetasalau) ns
farisina 1 Togunsat siadiy vihlddw AT Comivand Svasdasiintssomifiau el
Tugaidlimansien vaanaYLuLlanaA LY

Tunu3so AE-05 ssvhmssalmialiifiy Master tofivgdanasemaluds
FDUAAINE

] 3 * £
B T

ALLLLRARLERLY
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ren
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s
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-
m
<
™
P
w
<
o
bt
o

| SINT —-—

| w3101 Semm

3U#l 3.3 HC-05 Bluetooth Module



4) Tower Pro MG995 DIGI Hi-Speed Servo

v o | Ha v %)

woshdeuandlugun 3.4 Wuweshuwnadnildnsyualwihnssuanse T

¢ a] a H o v v A °

veiniige ansadeudldnmiags Moufunsmunuanudled Beu wazanelu
L7 1 ‘d A

apuztialuipanud)

nilaslane Woshelwidss 6 VDC T Stall Torque 15 ke/cm (Stall torque Aevasngan

35U 3.4 Tower Pro MG995 DIGI Hi-Speed Serveo

5) Wiwinena (2.12-cm »'x 122.30'cm length)

n1sAleL
W

v v EJ L) A Ci'ﬂ U 1
Tiwinean dnalusui 3.5 iWueUasaiwnallituatenldnulusnaumsiedn
o ) = d e IR TR { o a e v w
i Tagegiiisniyilrldwinfdamdnisazeduss Snvwennsldlivinuna
Avd Ry

2 ) o v 5y s o
0 wsrzamnbifiarsiduaglunislifenasziusunsiola

JU# 3.5 Livham
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3.1.2 wanmsviaunazniseudagunsal
mahnuvesgUnsaiiGumngUnsalifnszuannuunme’d mninszualnilos
n1 av gunseisdaifarlivhau undinssudlneglutae 4-5v gunsalviiniasrheu de
gunsalvineuud Lidar (Light detection and ranging) avUdesuaslunnnsznuivinguaz
azviounduindifiimumesiuuas aunsoiadeyasonunléifiuuuy Pulse Width wavantuy
rdidoyaiiludilulnsneslnsaiaesdeiio Arduino Nano
lulasrealnsataesarAuinszaznis (0) eenunlagldaunsi (3.1) Weldszozma
udlulasroalusaiaesazdedoyaluds Bluetooth ileflasliugysildstoyaludsuansea
gansaguannsmsvialdmugui 3.6

-— PulseWidth
10 tds/cm

Distance

d - ° s
U 3.6-vanpnpinnuaseunsalns1adudng

€ = s;ll’ o = Vo o S va o ° L4 !
gunsalailatlanunsadiundensdenuniugui 3.7 laedigidediengunsaiunde
a a o @ | 1
WANTeife LM7805 uay faifiulseq 1 UF ieiegssuienudeu
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Lidar-Lite V3

HC-05 Bluetooth

= P f Ps
SUN3.7 nsiodnouasgUns
3.1.3 msa¥1seunsal
a t:l o d' 1 1 & =l 5 v Ve s ¥ o 2/ L3
Madmmwmmwuamaixquﬂﬂsmwamaaum prﬂﬂimmmiamwaw PCB
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1) 99nuuuasiilely PCB
2935 PCB ilnYieanuuiniguin 3.8
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2) "dne iy PCB ludn
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nsdausy PCB Wudaiieaaniiiadiousenainuiuean Asgu 3.9

U 3.9 daueu PCB
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4) ki PCB lunanuunsanldnanawag
o 1 d o a L7 'ﬂl et o 1 o s
sy PCB fisaasaudnilusafutinnsaildianesunaituty PCB AR
tnsafvesuaitefiasasnvesunsesn ﬂ\‘liﬂ‘iﬂ 411

E‘U :3.41 v PCB lﬂnmnvmﬂimﬁlﬂﬂmwmum

5y anesasiudanazlidnsasuuuain PCB
A o 1 a 73 o 123 ‘0’ U } 73
Wiatituky-PCB A miunsanadunn st s aeuar drludssgitdanazlaneas
UuUain PCB-AI3UN 3:12

&090““1" r

= 1 {
EUW 3.12 iU PCB ﬁ WWBQLLWQLai'\]LiﬂU5BHLLaFJ
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6) Uteruasn PCB luiwausaiugunsninevun
o Y = % o ¢ = W ¢ & @ =
wdndaaiuseudos divesa PCB lulsuseiugunsalionun fagui 3.13

li‘.‘m“m

o A P s ] ) o o € o | w
Wa 1IN NHAUD IR PCB LS AUT g UTaunar uadtinie e Unsalinliauseny
- [y ] o & -l 0 ot DR 2ang Y] a - a °
Seusesld dhiegunaiinieisiafuliun PagUN 3.14Imﬂmamwmamamwmu a5
DIANUBUITEUY
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3.2 NSNAHIUNIIATINIUIAY
= oas dl/ 2 o Lx L2 A ! = v 1
TuanAdeillavihnsnaassivingiunndeenly Tagidenainauautfnisaziouas
Y v o vooiqw ¢ o = €
vosianuaringinuiralaluetnisiaun 1 uywd uasiunsdiuud
s s o v i d 1 s 5
n1Inaaaun1InTIaduingaiursavinlélaenisly Lidar \Wsusedu Oscilloscope
a4 oS o o v o g w1 &
WWafaydu PWM eanuuazAuinszeenile 35n1siludialul

=y . J

1) Waldsunsu Arduino Jusn
a o -y . g v -
Suvinsidalusinsy Arduino Fuanlagguuuuazldnugui 3.15

€ sketch_nov20a | Arduinc 1.8.3 - O X
File Edit Sketch Tools Help

sketch_nov203
1 l'.:;i:i setup() |

£/ put your Sesup teda herd)|to dn” omfe:
¥l

€ voId loop(y {
‘/ put wour main codsphére,  to rufisrepeatadiy:

}
v

U 3.15 Tsunsii Arduino
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2) \danuainliinsesuiuinly
A a v g w o - ¢ v v 1 dgw o S ¢ B
WiaUalusunsuuailiisninsidenvesalinsaiuuild  Tuidfevesn Arduino
o aa ¢ 9 <
Nano %Q?ﬁLﬁ@ﬂU@iﬂﬂSLLﬂﬂﬁﬂﬁEU'ﬂ 3.16

@ sketch_nov20s | Arduino 1.8.3 - a X
File Edit Sketch Tools Help

Auto Format Crle T
Archive Sketch
sketch_nov203 Fix Encoding & Reload A
vord r‘r: ;:: :A;“n:or E:::::::" Boards Manager...
| Arduine AVR Boards
s WiFi101 Firmware Updater w0

Arduino/Genuino Uno
Arduino Duemilanove or Diecimila

esson

= | Arduino Nano
] | Port g

Arduino/Genuino Mega or Mega 2560
Get Board Info i =

Arduino Mega ADK
Programmer: "AVRISP: midi™ 1 Arduino Lecnardo
Bum Beotloader Arduine Lecnardo ETH
. Arduino/Genuino Micro
Arduino Esploca
Arduino Mini
Arduino Ethernet
Arddine Fio
Arduing BT
LilyPad Arduina USB
LilyPad Arduing
Agduino Pro or Peg Mini
Arduino NG of clder
Arduino Rebot Control
Y Arduino Robot Mater
T Arduino Gemma

Adafruit Circuit-Playground
v

= & ¢ - s
JUN 3.16 \nanuein Arduino Nano

3) iae@anuuliiaen Processor
)| ; i,
Wodenvesmiu Ardtine Nano a7 ntlivinnsiden Processor 1iu/ ATmega328
WaneRegUN 3.17

@ sketch_nov20a| Arduing 1.8.3 - a %
File "Edit Sketch | Taols| Help

Auto Format Ctrl+T
| Archive Sketch
SKRACR_NOV0Z Py Encoding & Reload
‘ f
vold S2PuR  “Serial Monitor Ctris ShiftsM N
£ PEE S Serial Plotter Ctrl+ ShifteL
ol WiFi101 Firmware Updater
roxd loop{ Board: "Arduino Nano" >
ot v gads® {8 ATmegaz2e |
¢ } Port 1 ATmegal68
Get Board Info [
Programmer: “AVRISP mkil" >
‘ Burn Bootloader
v

Ui 3.17 den Processor \Ju ATmega328

u
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< v ' v oo < i v 2
iaienisaeseduay  IWdanaiyuvnanvemidglusungy  aUngieves
¢ v o a v 1) S0 v v S v v Y,
vasansliminsidenty Tutuneuillinsasulvgnees Tundlviden Com Port Tinsafy

. a ' ' a
Arduino Nano NUBUADDY mmgﬂw 3.18

7

sketch_dec19a | Arduino 1.5.5

| File Edit Sketch [Tools) Help

Auto Format
Archive Sketch
Fix Encoding & Reload

sketch_dec 8;

void setuel) : Serial Monitor
// put your|
| Board
} I Processor
|
void loopd) (| PD"‘“ =
rut ff-'-'f?l}
! Programmer
} I Burn Bootloader

gﬂﬁ 3.18 L@an

Ctrl+T
Ctrl+Shift+M
i
|
’ 1
v v Coms

Arduino Nano, ATmegaZ28 on COM3

Port COM3
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5) Weulusunsuiilildniuau Lidar waviasiassazmng
d =l -] = ! b4 %
\Wlelien Com Port 3euies vinns@eulusunsuwuy PWM Al3ldRIuA Lidar

A4 & o =
Wenavinszagnalaglusunsumugun 3.19

GetDistancePwm | Arduino 1.8.3
File Edit Sketch Tools Help

GetDistancePwm

unsigned long pulseWidth:
void setup()
{

Serial.begin(l15200); // Start serial communications

Set pin 2 as_rLrigg@¥pIin

Set tridfger LOW'For continuocusiread
I i= (3, INPUT):; // Se€t pin 3 as moniter\pin
}
volid p()
{
pulseWidthd= ptulseIn (3, HIGH): Count Mow—long |the-pul3e-isa‘high in/‘microseconds
/ If we'get a reading thasd i9n'tigefe,/1et”s pEinc)\iv
if (pulseWidch '= 0)
i
pulseWidth = pulssWidth y (107 ¢ IQusec)=/1 ‘em ot distance
Serial .pmntln{pulsedidth) /4 Primc the diatance

}
}

gﬂﬁ 3.19 WsudsuImsZaLnWla iU PWM

mwuﬂmmum pulsewidth  Wuus Ul ’Luaawaamsmm RGN
%’aummuaunm LagsaAn trigger pin2 1l disital outplt darh triggeraiul low dmsusu

14

voyA Nt et menitor pin3Lu input
| — - . 1 al an oo
FIUTRINNTNIBY  T8BEE W pulse @M high Tudtheiiadiundl AsvuIAUDY

pulse 9111970 pin3, faluAswasual pulsewidth aaldwaiu 0. 4ihaA pulse luAn

Taen1sm1s 10 LLﬁELLﬁﬁldLﬂu‘ix gEVIIN@and
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6) Lidar a@ausianu Oscilloscope 1 Port output Wisunu Ground
o _ < (-] . a [ I
11 Lidar 1@eusiaiu Oscilloscope 71 Port output Wguiu Ground faanaan
Oscilloscope fiu Lidar wag Uo3a Arduino Nano ﬁﬂgﬂﬁ 3.20

5UM 3,20 69a897n Osotloscope At Lidarwae uaseArduino Nano

o a ' o i I SN I ¢ o = ¢
7) dA20e1e-3 fapgrsnnaday Baldun 1, v wasiwediaue
4 o J oy o w ' o | FR AN s
\Wevhmsddudaieuisunmaty 3 seagriuanaasu selaun b, uuud was
o = ¢ o o ]
NUNITLIUS LFAINISYIRABIIANITATINIU PNFUN 3.21

JU# 3.21 Mvnaasinnisnaduves Lidar

il Lidar nvaadussesnennianlaud aeldnadwdidu Pulse width sanun dasy
#3.22



Tek T @ Stop M Pos: -1520ms  MEASURE
R ¥ ‘

1+

CH1 1.00v T M1.00ms e CH1 7 1.98Y

3-Aug-17 15:20 267.488H:z
sUW 3.22 Fyeyaau Pulse width fi4ulae Oscilloscope

Pos Width
3200 us

Pos Width
+  320,0us

CH2 Off

293.1Hz
CHz Off

40

nARINNInA AN Pulse width | MlALan @91 50t A ER N AL
o ~ o A { W % a.y/ 1 ' a -
SEUENNNNAUAITA ] (HBd NS T A U Lidal tlaydw =10 Lilasiundide 1

wuRwas Judbardldaumeaniiussaem e uRmns e Suiitnanisnaasy

-

= [ i e ; s
3.3 Mslaulusunsunsaduingivenazaslugsdaunanamg

WHINNIINNSNFABUN15A$199018e Lidar Midiutlagfeullsunsuigusasisouse

W [ v a1 = i (YY)
fuugys eflardedayaludvainanird Feamnsadouivsunsuldsigy 3.23 Lay 3.24

I #include <SeftwaweSerial hi

£ #ificiude <Servo.h

RSoftwreSeriad=pTserial (31, 20); // RX "'TE

4 /f Conmigét the HC-05 \TX ToiArduinOwpist 11 AL,

5%/ "Gonnicti‘phie HC-05 RX to-Afduino pip W0 A¥chrodgh a voltage dividér,

7 int _monigor=5, trigger=4;
© int pulseWidthl,pulaeWidch2,pulseWidth3;
% String stringOnel, stringOne2, stringOnes:

11l Servo myservo:

13 void setup()
14 {
// start th serial communication with the host computer
Serial.begin(38400);

3 &

// start communication with the HC-0S5 using 38400
BTserial.begin(38400);

BB R R b b b e
WM = oW o

myservo.attach(9); // start servo

24 pinMode (trigger, OUTPUT); // Set trigger pin
digitalWrite(trigger, LOW); // Set trigger LOW for continucus read

27 pinMode(_monitor, INFUT); // Set monitor pin

Y

d o lﬂ. 1 e
JUT 3.23 TusunsunsAuiuszesmaliausaiuugys (1)
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2€

27 pinMode (_monitor, INPUT); // Set monitor pin

28 '}

29

30 veid loop()

31§

32 myservo.write(54);

33 delay(300);

34 {

35 pulseWidthl = pulseIn(_monitor, HIGH); // Count how long the pulse is high in microseconds
36  if(pulseWidthl < 1200){

37 pulseWidthl = pulseWidthl / 10; // l0usec = 1 cm of distance

38 1if((pulseWidchl>49) cc (pulseWidthl<=£€9)){

38 Serial.println(pulseWidchl);

40 BTserial.printin("A®):}

41 else if((pulseWidthl>79)ss (pulseWidchl<=89))(
42 Serial.println(pulseWidchl);

43 BIserial.println(®B*):)

44 else if({(pulseWidthl>99)&s(pulseWidthla=109))(
45 Serial.printlin(pulseWidthl);

46 BIserial.println("C"):}

'.ll;ﬁ"

\1:
{dthy >54
Gﬂ- (.'.\

'G'li
114) s (pulseWidth2<= 50) M

Serial. p:.‘.ntln p 3
BIserial.println("I");
81 else if((pulseWidth2>494)4&c (pulseWidth2<=505))(

=] o = o
JUR 3.25 TsunsunsAwissegdaudeiuugys (3)

s 2 = 2 o 1Y £ - =2 O 1 Y o v &Y £%
enanstiluenansianulidmsumsldanuienisdinwivintgu leygnlmhlulduselesimunism

Laidnsdilas viedu Snvivinudlvidaulasionuazdosdneddiadivesonalsynasaniinisuiluls
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27 pinMode (_monitor, INPUT); // Set monitor pin
28 )

void loop()

af

32 myservo.write(54);

33 delay(300);:

24 {

35 pulseWidcthl = pulssIn(_monitor, HIGH); // Count how long the pulse is high in microseconds
36 if (pulseWidthl < 1200){

37 pulseWidthl = pulseWidthl / 10; // lOusec = 1 cm of distance
3e 1f ((pulseWidthl>49) cc (pulseWidethl<=£9)) {

3% Serial.println(pulseWidthl);

40 BIserial.println(™A");}

41 else if((pulseWidthl>79):s (pulseWidthl<=89)){
42 Serial.println(pulseWidchl);

43 BTserial.println("B"):}

44 else if((pulseWidcthl>9%9)cc (pulseWidthla«=109)){
45 Serial.println(pulseWidchl);

4¢€ BIserial.println("C"):}

47 else if((pulseWidthl>129) s (pulseWidchl<=149)){
48 Serial.println(pulseWidthi)¥

4 BTIserial.println(“Rs¥7}]

else

1 {
52 SerialJPrintin(pulseNidehl) »

d o d 1 @
5U-3:26 1USUWNTNNTAILINTYEEMAULIRRvYaYS (4)

[
Serialiprifcls (philsadideha) ;
}
)

T e

myservosuzie® (122) ;
delay(800)>
T
pulselidchd ="ftulselnf moniter, H¥IGH); /A Count Bidw/long The.pulse I's high if micFoseconds
Aif(pulselidth3 “a 0)(
pulseldideh3 = pulseWidch3|/ 1031,/ 10usec = 1 calor disGance
1f((pulseWidth3:80)4: (pulsewidth3€=100)) {
103 Serfak.println(pulseWidchl)s
104 Blseridl.printim(“Me)1)
S elege i f ((pulseRidch3>100) s (pbleeWideh3#=250) )]
Serfal.pzinzin (pulseWidchay !
BTsexial.printlgf"N");}

else
{
111 Serial.printlin({pulseWidch3);
112 }
}
114 }
115 myservo.write (54);
116 delay(175):

SUil 3.27 Wsunsumsiunnszssmadousatuugys (5)

duveanisier  Weusa HC-05 v1ds TX iy Arduino pin 11 915U RX wae
\Weuse HC-05 115U RX WU Arduino pin 10 w1 TX dunisudaussiuluii fmuae
monitor trigger Wag pulsewidth ﬁmummiL%fuﬁudq'ﬁmgmmuaqmuﬁ'ﬁmauﬁaLma'i'Lthha
SunisAnderiu HC-05 Tauldda 38400 antiu daen trigger pin 18y output KA trigger
i low ieguetsrewiies 9antdu darr monitor pin W input
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A1UUDINTTIUTOU: S28zLIa9 pulse A1 high Tunilefiadiuafiain monitor
NUUATINABUAT pulsewidth a1lsivinAu 0 T1 1re pulse TuAwulaen1swis 10 uag
wanafuszeznoanun

3.4 ¥AARINITATINIUINGUBIgUNTal

wisndoulusunsuiiiearuaunsiaiues Lidar iideuseiuugysiaiaouionyi
msvaaedlngldingAiunndsiuoonluldun 17 uywd uazdumsdismd

1) ﬁmﬁ‘iﬂaﬂﬂsm’lﬁﬁﬁawuwja%umuﬁ'uﬁu e lliAnmuRananalunsin

2) mamaaﬂmmnu Oscilloscope Lwamammm PWM

3) Waedadiieuuasiumsiassiome

a) thlfinnafiszer 10 wufisms

5) fnszarneitinldainiatdos uagtufinug

6) Wasuszogedauueingluf 20, 30,40,50,60, 70,%80190, 100, 200, 400, 600,
800, 1000, 2000'dz 3000 twuping karUUNNNANISRETISTELATY

7) Wilswindu uywd wasihsnnaasnsisited 3.4.3 13 3.4.7

8) Wagyinnidu dawsduns Wasyhnisnaase o 3.4.3 f1 34,7
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NAaN15298 LaznN15aAUsI1gNa

N1INARDILALNITIATILINANITNAGDITDITLUUATINTUAULAULYIN A ELEL TR TE
dunssarulusunsu ARDUINO Tagagviimsnsiaduszeeniqvesing 3 vllasnedy laun
L4 = (3 = o P s 14 1
uywe (Human), 1af (Wood) war@iuus (Cement) Fefmuaninugannsraduliuanaan
I < o v i a o - a &
panu iy 3 szue A ANgiasNndn 80 wuAWnT WU 6 AwNged 80 wudwns \Tu
< a
0> WazA g 81-180 wwufiuns 1y Os

4.1 N1INAFUUITZANTAINLAZN1ININUYDT LIDAR
MsMAEUUSEANS A NLAEAISTNIUYed LIDAR 3 9¥iinqsvindeusiavun 3 nou Aetn
N13n593uNywd L daediun
4.1.1 gunsafitléluntsmeaay
1) LIDAR
2) Jiwd
3) la!
f) s1igue
4.1.2 mﬁwmaa‘uLLazmﬁmﬁsﬁlﬁa‘lﬁunﬂﬁﬂsmﬁumgﬁﬁ 18 wag@iug

AOUT1 ATITIUTERENURINY B
1) Angunssiaag Ui 411

“e. :

JUT 4.1 nsdngunsallunisvaaeudsz@nin1wues LIDAR
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2) WhuywdlUBufisses 10 lwufns

3) Ynszenneiiinldnniawes uasdufinua

4) LUﬁamsazaammwaﬁmqlﬂﬁ 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, 400,
600, 800, 1000, 2000 way 3000 WURAWAT wasTURINNANISTVIAADITZEZAS FInN597 4.1

nawil 2 ATradusrarnsveslsl

1) f{Tﬂqﬂnitﬁﬁ“ﬁgUﬁ 4.1

2) tlsilunslifissey 10 wuiiwuns

3) aszavmeiinldannawes wasdudinua

4) Wasuszeyesnuuurasinglufl 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120,
130, 140, 150, 160 ,170, 180, 190,200;500;°1000,.2000 W&z 3000 [YURALUANT warUuNNKa
ANTNABBITTEYTI FaIm135299.4:2

AOUT 3 PSIVTUTTEEN TR IR

1) Spgdnsnifagui 4.1

2) Aiaulunelsfissey 10 @Rums

3) Ansgiennaitials ainawas nasduiinig

4) wWpusgoyaanuuuyadinnlun 20, 30,40, 50,60, 70,%80,°90, 1100, 110, 120,
130, 140, 150; 160+ 170:-180:-190,. 200,.500,1000,-2000 45 3000 ¥ UALUAS WALUUNN
HANNIVIAADITELEAS S AT TN 43

A15197 4.1 Han 1 SYINARUUSEANS AWM T IR Y e e 1w

srEEN g (em) Szazyniiale (cm) 1At
adalt L i 2] Sl s L el a |o nad 5 (cm)

10 10:00 10.00 10.20 10.41 10.01 10.12
20 20.03 19.62 20.44 22,39 20.00 20.50
30 30.00 30.01 30.40 32.66 30.01 30.62
40 40.01 40.01 40.03 44.40 40.84 41.06
50 50.01 50.01 50.40 50.00 50.79 50.24
60 60.01 63.60 62.41 61.60 60.40 61.60
70 70.89 72.00 72.40 73.60 70.00 71.78
80 80.01 80.01 80.00 84.40 80.40 80.96
90 89.61 89.20 90.00 90.00 90.00 89.76
100 100.80 98.40 98.41 97.20 100.00 98.96
110 109.30 106.00 107.20 107.60 110.00 108.02
120 120.40 123.20 122.80 123.60 120.80 122.16
130 130.40 132.00 130.80 13120 129.60 130.80
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A13°99 4.1 (fi9) wan1svedeuUsEAnEnmNTInsEagnIa L

TLHLN SEpEnAIALe (cm) \de
(cm) AS 1 ASadl 2 REE Asadl 4 REE (cm)
140 140.40 143.20 143.60 144.00 139.20 142.08
150 150.80 152.80 153.60 153.60 150.40 152.24
160 160.00 161.20 161.20 162.40 160.40 161.04
170 170.40 170.00 171.20 170.40 169.90 170.38
180 180.80 180.00 180.80 180.40 180.00 180.40
190 190.80 192.00 191.20 191.20 189.00 190.84
200 200.00 199.20 200.40 201.60 200.00 200.24
400 388.00 397.00 402:00-..[ 399.00 404.20 398.04
600 604.00 605.00 601.00 603.20 600.00 602.64
800 302.00 797.00 805.00 805.00 800.00 801.80
1000 992.00 1005.00 992.00 1000.00 1003.00 998.40
2000 1990.00 1990.00 2010.00 2016,00 2012.00 2003.60
3000 3004.00 3012:00 3004.00 2988.00 2956.00 2992.80

3000.00

2500.00

2000,00

1500.00 SeagyMaiTals (cm)

- v
segznnTala (cm)

—hinearf5g0svraninls (cm))

1000.00

500.00

0.00
0 500 1000 1500 2000 2500 3000
s£8E1149 (cm)

JUN 4.2 uanspuduiugseninesseenanimue (cm) Ausseenandale (cm) veauyee

o a a @ 3
A13°9% 4.2 wanaaaulszanininnisinszesnisedlyl

TEHENNNIN SeueeTinle (cm) Wit
(cm) afadt 1 RYPRIELTE afait 4 S 5 (cm)

10 10.03 10.18 10.00 10.00 10.01 10.04

20 20.40 20.00 20.81 20.41 20.00 20.32

30 32.00 30.01 30.40 30.01 30.81 30.65




15199 4.2 (6i9) waneaauUszansninnsinszeznavesld

ar

=i'u b4 .:l
FEHENY SEEEN NI (cm) lRay
954 (cm)
(cm) Adaft 1 Asad 2 A%l 3 adad a ASed 5
40 40.41 40.81 40.41 40.01 40.41 40.41
50 49 64 50.80 50.00 50.40 50.81 50.33
70 71.60 70.81 72.40 £1.21 70.70 71.34
80 83.60 80.81 80.01 80.01 80.88 81.06
110 104.40 110.40 107.20 108.00 108.40 107.68
120 120.40 120.80 120.40 121.00 120.00 120.52
130 129.20 130.00 130.40 131.00 129.20 129.96
140 141.20 139.60 140.00 140:00 140.80 140.32
150 150.00 151.20 149,20 150.00 150.40 150.16
160 160.00 160.40 160.40 160.00 162.50 160.66
170 17120 169.20 170.80 170.00 169.60 170.16
180 179.60 181.60 : 180.40 181.00 180.80 180.68
190 19040 191.70 7 190.50 191.00 . 190.40 190.80
200 201.00 202.00 202.00 201.00 203.60 201.92
500 503.50 503.50 504.00 50000 500.00 502.20
1000 1018.00 1019.00 1019.00 1010.00 1013.00 1015.80
2000 2044.00 2043.50 204350 2025.00 2040.00 2039.20
3000 73066.00 3066.00 3066.00 3059.00 3063.00 3064.00
3000
RZ2="0.99999
2500
E
& 2000
Llc
,_n
e e
1< 1500 ® szuuvsdiiald (cm)
5z
§§ 1000
% Linear (Szaenn siTele
e
{cm))

500

1000

1500

SYYEN19939 (cm)

2000

2500

3000

JUN 4.3 uaniauduius s srEey9ase (cm) fusyasn1eniald (cm) vedld
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FEHLNNDI svoEmaninld (cm) \dy
(cm) ASa 1 s 2 NTE asad 4 REE (cm)
10 10.02 10.11 10.01 10.01 10.01 10.03
20 20.05 20.01 20.01 20.02 20.01 20.02
30 30.01 30.02 30.01 30.02 30.01 30.01
40 40.01 40.01 40.04 40.01 40.03 40.02
50 50.02 50.01 50.06 50.01 50.01 50.02
60 60.02 60.01 60.01 60.01 60.01 60.01
70 70.00 70.01 70.01 70.01 70.04 70.01
80 79.99 80.01 80.05 80.01 80.02 80.02
90 90.02 90.01 90.00 90.01 90.01 90.01
100 101.00 100.00 100.00 100.00 101.00 100.40
110 110.00 110.00 110:00 110,00 110.00 110.00
120 120.00 120.00 120.00 120.00 120.00 120.00
130 130.00 130.00 130.00 130.00 130.10 130.02
140 14000 140.00 140.00 140.00 140.00 140.00
150 150.10 150.00 150.00 150,00 150.00 150.02
160 161.00 160.00 160.00 160.00 160.00 160.20
170 170:00 171.00 170.00 171.00 17110 170.62
180 181.00 181.00 180.00 180.00 180.00 180.40
190 190.00 190.00 190.00 190.00 190.00 190.00
200 201.00 20200 200.00 200.00 204.00 201.40
500 503.50 504.00 504,00 500.00 501.00 502.50
1000 1019.50 1019.00.:4-1019.00 1015.00 1013.00 1017.10
2000 204450 2046.00 | 204550 2041.00 2042.00 2043.80
3000 3058.50 3059.50 | 3059.00 2053.00 5033.00 3452.60
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3500 Y
3000 R? = 0.99626

2500
2000

1500

ixHzV1aale (cm)

1000

[~aTh]

V149359 (cm)

P @ W d - s o o v = 3
JUN 4.4 uansnuduiusseningsseen1993e (cm) fusggemeniale (cm) vesdiuud

4.2 ﬂ"lﬁ‘l’lﬂﬁBULLﬁ3ﬂ’15ﬁ’N’1‘U‘UQ~ﬁ$UUGl'i’J"\]ﬁuJ’UﬂuLauLﬁ’lﬁ’)ﬂLﬁL‘Uﬂ%&j’]u

dunsusanulysunsy ARDUINO
MSNAFBUNAYN 1SSV SEUUR TS URLA U A giamas auB uns LS ALY
nsnaaesngln 3-4umEu Ae
4.2.1 pUnsaililumsvnaas
1) L3
2) S UUATANTUALLALVIA LA LB uNI LA 2
34yt
4)"W
5) Wk us

4.2.2 AITVAARINITATIIIUINGVBITIUUATAIUALLAUWINE1UEUNTILIA
noudl T MnaevniznTaaduinguesszuUATIdUALRUTIEuB U IR T
A3I9dUNYEE (Human)
1) dngunanleissy 4.5

=

JUN 4.5 nwgunsalfildlunismenesnsiaduingiiduiyud (Human)

q
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2) Wyudluduiiszes 30 wuiung
3) Yaszpemaninldanniawes wastuiinug
4) LﬂﬁauswszaanLtuumaﬁmlﬂﬁ 60, 90, 100, 250, 500, 1000, 2000 wag 3000
uRlLns wartufinnanIsaansszpza3e fam1s T 4.4 - 4.7
5) Auunanugeesingiiuuyud (Human) Tay
5.1 Avwigedl deendn 80 wuiwms [y o
5.2 Avwigedl 80 Luduns Wu 62
5.3 ATwigedl 81-180 wudiuns WU 6

AOUT 2 NAABUNITATIVTUINUBITEUUATIVIUAUAUYIEUBUNTILIANINTITY
Faius (Cement)
1) Ingunaninagu.4b

AN

-~ 7

= = ‘ s | €
35U 4.6 pmguasalildlumaveasinsaaduidgindugius (Cement)

L)

]

2) v lailUrdlansseg 30 wuRung

3) YasvugmeTidalfaaniawes Lashinug
4) L‘LJ%‘auizazaammwaﬁmqluﬁ 60,.90;-100, 250, 500, 1000, 2000 waz 3000
WURLAT LarTuTinNanITnaeIsTaYase Mnns1ad 4.8 - 4.11
5) ﬁmuﬂmmgwaﬁmqﬁL‘TJuuq‘l&é (Human) lng
5.1 mmgjaﬁﬁaand’] 80 wuiwnsilu &
5.2 AUt 80 Lauftuns Wy 62

5.3 Awged 81-180 lwudluns 1y 6

H s Lr L _ v 1 = ‘:J s
AU 3 VAFDUNITATIVIUINVBITLUUATIITUAUAUIE LB UNTUIANATITIY
141 (Wood)
1) dngunsnisagy 4.7
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s

< ¢ Y = 5
Jun 47 quﬂﬂmmﬂﬂumimaaamawmmqwLﬂulm (Wood)

2) lsfluanelifiszes 30 wuns
3) Ynszogneninldainawes uaztufinua
4) Lﬂﬁauﬁsasaammwaﬁmqiﬂﬁ 60, 90:=100:+250, 500, 1000, 2000 wag 3000
URLAS warTuTinHAnITIna0 sEBYRsd FInisedl 4.12 - 4115
5) fvugiarugue ngiiitiunywd (Haman) tng
5.1 mmqaﬁﬁfaan'j'] 80 WuRLIRAT 1IN O
5.2 P 80 Lelituns (. 0>
5.3 panlgen 81~ 180 wallins 1y 6s

4.3 HAN1TNABBINITATIVIVINGL093%UUATIATUAUALWIEIUBUNT 1150
4.3.1 HAN15MAA8IASIATUINTTUaE (Human)
NaM3YInARdnsIe U ThoZidiuae (Huran) Sleheviiiniv (Refractive index :
n) Winiu, 1,36 W3syifieunumassaenisnss tnt
ﬁwuﬂquwm’;’mqﬁLﬂuuuwé (Human) g
S pfigeiiesnd 80 LAms 1Ty Gy
- AYTNE T80 IFuAmIAT -6z
- AiIgal 817180 Lilung 165
yhmsnaaessiual 5.a% uasnaUesifudnimanmAdeI AR TIAABI LANIFIANT 1A
4.4-46
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s

AW (Refractive

o Y a & ¢ a1 v oa
M15197 4.4 Kan15VAaIN1ITIRTUIngMuNyee (Human) danaei

f
o ¢=I nlu.t 1 3 L4 ;
Index: n) Wiy 1.36 Nszggnnnialaves 6 lnginggaiasndn 80 cm

WisuiBunuaAsEeEn1993a

szeEnafidald (cm) vas 6 Syey
TEUENNDTS nafiTale

(cm) asad 1 afad 2 afadl 3 Asadi 4 s 5 Wt
(cm)

30 £ 76 70 76 62 72.2

60 119 124 155 129 143 134.0

90 139 132 127 126 132 151.2

120 144 148 143 147 141 144.6
250 A A A A A A
500 A A A A A A
1000 A A A A A A
2000 A A A A A A
3000 A A A A A A

A a @ J 3 al o o ot . .
A1590 4.5 Hanisnnaesmsandudngmlusiyms (Human) SAawinm (Refractive index
1o o o o ar <=l [V
L) WU 136 Ngesnmintaney 0y Tngingas 80 cm wWibuiieuium

SoEENIATI T3
SEHEAY
SYELNY SyEEN TR (cm) 1ei @3 f5abe | waesidud
934(cm) 7 [y AUAATN
Asafi 1| adai2 [ oS 3 | eseia | asedt 5 ot (cn) GO (%)
30 31.00 31.00 29.00 31.00 32;.00 30.80 2.67
60 59.00 60.00 60.00 59.00 62.00 60.00 0.00
90 90.00 86.00 87.00 86.00 86.00 87.00 3.93
120 119.00 | 117.00 | 117.00 | 117.00 | 12300 118.60 117
250 251.00 | 251.00 | 251.00 | 249.00 | 252.00 | 250.80 0.32
500 502.00 | 500.00 | 502.00 | 500.00 | 501.00 | 501.00 0.20
1000 1008.00 | 1002.00 | 1008.00 | 1014.00 | 1012.00 | 1008.80 0.88
2000 2052.00 | 2049.00 | 2045.00 | 2047.00 | 2057.00 | 2050.00 2.50
3000 2972.00 | 2956.00 - - - 2964.00 1.20

NANTN 4.5 U1 TBYARINANNUSTEMINTLEEN NI (cm) Auszeyn1eiiald (cm) 9

62 YouEe (Human) uanagun 4.8
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3000

S5 R2 = 0.9996

2000

e M v
1500 o suyznRiala
(cm) vpe 62

o o %
mairiale (cm)

a
@

1000

P

500

0 500 1000 1500 2000 2500 3000

LN NTY (om)

sUN 4.8 NANISNAARRSIAL NP LLUYS (Humah) Wisuisunumseeenieass lay

9 4
s

g 80 e (02)

= o pu | ¢ TN 2 .
13199 4.6 wamswmaaqm"mmmmqmﬂuuws (Human) ummsunni (Refractive index
e < PRI B ) = = Y
L) Wiy 136 Msusenniinle o1 @x-lapingge 81-180:cm Wisuiiiguiv

ATZEHENTIVI
SYYLYINIR34 seyEaTAle (cm) vl s 558999
(cm) Saldiade
adait | asadi 2, ([ Asedi 3 [edaia- | aSe 5 (cm)
30 74:00 107.00 94.00 75.00 101.00 90.20
60 308.00 223.00 30300 310.00 300.00 288.80
90 305.00 307.00 308.00 B 307.00 306.20
120 B B B B B B
250 B B B B B B
500 B B B B B B
1000 B B B B B B
2000 B B B B B B
3000 B B B B B B

4

A 1 s s ¥ ) 1 el o
e A Ao gefilianansansiaduingld (wuiw), B fie adilianaunsansiaduingle

(WULNAIL)
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o s o
4.3.2 wan15maaensaduingiiuld (Wood)

A I s = el i s
wamwmaa&mmwmmnmﬁulu (Wood) daastinii (Refractive index : n

WU 1.60 WIBUWBUAUAITZEENI9TTY e
Avuannugevesingiiulsl (Wood) fe
- mmqaﬁﬁaan’h 80 wudwuns \Ju &
- ATWIgeR 80 wwudiuns u 6
- ATwigeRl 81-180 wufiums 1y 6
Mnsnaaessiu 5 A%t warwesiduinnueainndon nan1sAADILARIT AT

47-49

as

miﬂw 4.7 Namwmaaamn%mmﬂmﬂum (Wood) i ‘ajﬁﬁ N (Refractive index : n)

AR
Winfu 160 At iinle 909 01 lagTn mngdwiand 80 cm wWisuiieuiue

38&]5“’1\1%7\]54
SEOENNT AL (CT) ver @ ey
JLYLNNNR59 e iald
(cm) lde (cm)
assid | a2 | Cedeit 3 | ledeitd. |, adedi 5
30 76.00 5000 |1 58.00 62.00 77.00 66.60
60 197100 98.00 93.00 87.00 86.00 92.20
90 1290011 12500~/ 12800\ | + 136007 |.( 12400 | | 127.20
120 15000 | | ‘14300 | 14700 >} 14600, | 15100 | 147.00
250 A A A A A A
500 A A A A
1000 A A A A A A
2000 A A A A A A
3000 A A A A A A

as

A13199 4.8 nansnnaenTIRTUiegiltull (Wood) firnaAuilvinim (Refractive index : n)
Wiy 1.60 Nsgervnaninla ves 02 laginggs 80 cm wWisuiisuiuen

JEYLNNITY
seuene | Wodidud
STUTN NN segzniiIale (cm) Gk 62 7¥le | auaane
(cm) adai 1 | paii2 | afai 3 | edeiia | p%adis | ade iAoy
(cm) (%)
30 30.00 30.00 29.00 29.00 29.00 29.40 2.00
60 59.00 59.00 61.00 60.00 62.00 60.20 0.33
90 92.00 89.00 89.00 90.00 88.00 89.60 0.44
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o ] et ot - 2/ = ot % &
A15197 4.8 (si0) namvnaens9TuingMiulll (Wood) Heawuildnv (Refractive index
| w < Ao v w ) < a v
;) WU 1.60 Ngegn1endnla ves 0: lagTmgas 80 cm Wibuiiguium

TEHENAN
ez Tale (cm) 189 0: sreeng | Wesidun
souenna | pdafl 1 | a2 | afeii 3 | efeiia | afedis | A90l8 | Anueana
(cm) Bl \AADY
(cm) (%)
120 119.00 120.00 | 119.00 119.00 | 121.00 119.60 0.33
250 249.00 | 249.00 | 250.00 | 251.00 | 252.00 | 250.20 0.08
500 501.00 | 502.00 | 501.00 | 500.00 | 500.00 | 500.80 0.16
1000 1002.00 | 1005.00+1001.00 | 1000.00 | 1001.00 | 1001.80 0.18
2000 1974.00.41978.00 - - - 1976.00 1.20
3000 2917.00 | 2912:00 - - - 2914.50 2.85

< o v YR e ! = o/ o v <
NNAT199 48ANTayanIINENRLETE VT BRI (om) Tusseeneandald (cm) 1 62
183180 (Wood) uansdaguin 4.9

3000 |

2500

1500

gENIale (cm)

1000

Y

500

2000

1000

R? = 09990

1500

2000

FLHENN9549 (cm)

2500

® [ srugynaninldl (cm) wes

0z

y oo
S | a1 (5281EMNAATALA

(cm) vas

3000

B2

JUN 4.9 wansvanesnsiaduingiiuld (Wood) wWisuiiuiuatssesn lngTngge
80 cm (6,)
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A15199 4.9 nan1spasnTIRduTngTidulid (Wood) Senauilvinm (Refractive index : n)
I ar P oo o @ ' =l = s i
Wiy 1.60 Niszezneniald vee 6; laedngaindt 80 cm wWiguiiguiu

FLHLN
SepEnfiInle (cm) ves s Syey
JLUENNTY afivale
(cm) 1t (cm)
afat 1 | e¥iit2 | e¥efiz | efefia | s
20 88 109 96 95 92 96.0
60 301 297 305 306 304 302.6
90 304 301 309 312 B 306.5
120 B B B B B B
250 B B B B B B
500 B B B B B B
1000 B B B B B B
2000 B B B B B B
3000 B B B B B B

= W ) v &
g A Ao TndililaninsangadTuiagld (Wuiw)
B o Joftlalansnmsng duinale (wudiniw

4.3.3 wan1naaenT9sUingiiiudams (Cement)
NARSNa 9 393U Tnpludiuud (Cement dpasaiivinig (Refractive index
1 n) WNAU LS5 RSB UWEURUATSE 88 - Lae
fmanaugsoe g duBwuR. (Cement) Aa
- Avmgefiipenin 80 c i-P;
- ANg 80 ém 1Tu 62
- AU 81 =180 era/uil 165
yN15NARDIEILAL 5 A waEmaEfiduRmTAAIREE O NANTTYARBILANIRINTIT
4.10-4.12
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o @ = al a1l v oaw .
A15197 4.10 KaN1INAABIRTIRTUIMgILTUTIUG (Cement) fiAnduilvinin (Refractive
1 s A ARJ s 0' 1
Index: n) Wiy 1.55 Aszpgn1aniald ves & lnwingas mnd1 80 cm

WIHUBUNUAISEBENI9RS

STYZNNIN sraraTiIale (cm) vee ) JEHE NN
(cm) Fioler
W (cm)
afadt 1 adiio | efeiiz | afiia | edeiis
30 53.00 52.00 58.00 52.00 58.00 54.60
60 88.00 85.00 90.00 86.00 91.00 88.00
90 127.00 119:00 138.00 119.00 130.00 126.60
120 145,00 140.00 153.00 151.00 162.00 150.20
250 A A A A A A
500 A A A A A
1000 A A A A A A
2000 A A A A A A
3000 A A A A A A

o =l

o o o d = < Al o .
A1999 4.11 Namwmaaamw%mmqmﬂuﬂejmum (Cement) U ngunnin (Refractive
- | 2 ﬂz :Ju b g =l <l

Index: nAiiu_1.55 Asveenndala aos 02 lagdngas 80-cm Wsuliigy

AURTEEMNAT
ILUINN
SEHENI seBENTTARLA(C) Yad 03 PFals | Wesidud
(cm) @iy | Aumen
asii 1| Psn 2 | afef 3 | pdeiia 4 eSS, (cm) \aDY
(%)
30 30.00 29.00 31.00 30.00 31.00 30.20 0.67
60 59.00 60.00 59.00 59.00 60.00 59.40 1.00
90 90.00 90.00 90.00 91.00 89.00 90.00 0.00
120 121.00 | 120.00 | 120.00 | 119.00 | 119.00 119.80 0.17
250 249.00 | 250.00 | 248.00 | 247.00 | 247.00 | 248.20 1.20
500 500.00 | 500.00 | 500.00 | 500.00 | 501.00 | 500.20 0.04
1000 1001.00 | 1002.00 | 998.00 | 1001.00 | 1012.00 | 1002.80 0.28
2000 1978.00 | 1977.00 | 1986.00 | 1970.00 | 1970.00 | 1976.20 1.19
3000 2830.00 | 2839.00 | 2806.00 | 2814.00 - 2822.30 592
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]
=l

NNANSI9 4.11 YidoyanuduRLSTEnINTEeEN9NITe (cm) Auszugnaninla (cm)
= @ <
62 VoA (Cement) wananaguil 4.10

3000

Rz = 0.9996

2500

2000

®  suuznaiiald (cm)
w01 02

Linear (ssuyn1aitda
1§ (em) wae B2)

~ 1500

T 1000

500

ITHUENN

O - - - & - — - -
0 500 1000 1500 2000 2500 3000

SHYNNTT9 (em)

= Y] al =~ £ = Y a
JUT 4.10 fangmaapinsInawingiduduus (Cement) WignAEYTuAIT2EEN19934 Lng

|

08380.cm (67)

= W W =l -l A o )
M1519% 4.12 Namsmﬁmmaﬁmmmqmﬁwmuﬁ (Cement) Lmanmitivinis (Refractive
1 ¥ tal ,l:;v $ v
Index; A) Y, 1255 Niszesvieniala ves s lntingas 81 - 180 cm

WU EUAUAN L UENND5

SeEnaniale (cm) 1o s SyeENed
FEULVINATY Talsiade
(cm) Asaii 1 ads 2 s 3 Asail @ afai 5 (cm)
30 88.00 81.00 84.00 84.00 81.00 83.60
60 111.00 111.00 113.00 112.00 115.00 112.40
90 167.00 167.00 201.00 206.00 191.00 186.40
120 251.00 232.00 263.00 257.00 267.00 254.00
250 278.00 282.00 286.00 282.00 28.60 282.80
500 B B B B B B
1000 B B B B B B
2000 B B B B B B
3000 B B B B B B

X e A fis nilalanunsansanduingle (wuiw)
B Ae gafiliianunsansanduingla (wuiwa)
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= = =l ' € 2 & l 1 o v o o
A19799% 4.13 namsUSeudisuAeiiduinnuraandeussuninsye s inlauesingd
Dunued (Human), 181 (Wood) wag 3w (Cement) vas 6:

53881971934 (cm) Wesidusianunaiaaiou (%)
uywd (Human) Faus (Cement) 14 (Wood)
n=1.36 n=1.55 n=1.60
30 2.67 0.67 2.00
60 0.00 1.00 0.33
90 3.33 0.00 0.44
120 i 7 017 0.33
250 0.32 1.20 0.08
500 0.20 0.04 0.16
1000 0.88 0.28 0.18
2000 2.50 1.19 1.20
3000 1.20 5.92 2.85
1nae 1.36 1.16 0.84

4.4 anUsigna

INMINPABUAMIIUE IS, LIDAR AUIRNOUASYLANUIN ASINTENINISEIEN1993

s aFu llx 1 d‘ 1 o/ Cl! U 1 =t
uszoEn IR A lulian R-Square (RE) AkAnAISIY 331 R-Squared (R™)@wsnusuanis
1 Qo e et LY 3 1 2 Ao | <y I ar
AMULLUE NI TATINAVIRE WadUeT R-Square (RT) PdATlpawegmiaimiu 1 azaunsn
venlaindaniuiuiias [16]
NNMIVAFBYINYIN TURE (Human) Ten RSqlared (RY) =11  [17] fasui 4.2 Wi
o ) - a I3 A
(Wood) 1A R-Squared (R”) = 0,9999 18] at3 U 4.3 Uaz U (Cement) 1A R-Squared

(R) = 0.9962 [190agUil @.4. dwiiulddnan R-Squared (R?) Tasilidy nguuiifialndiAns
1 SeannsavenldingUnani LIOAR duflanumaiudilunisnsadtingiigs

INNTNABBITLUUATIVTUALIAIWIAEMBUNTLIANTU AN R-Squared (R?) veduyud
(Human) f11 0.9996 fagUil 4.8 A R-Squared (R?) wadlsl (wood) fif 0.9999 Fagudi 4.9
uaz A R-Squared (R) vasdiaug (Cement) f1An 0.9996 faguit 4.10 xdannldind A R-
Squared (R*) vasusiay TngiuiailndiAss 1 Ssanunsovenléiszuunsaduauduihgu
§qu'i'1Lim'ﬁuﬁmmm.iuﬁﬂumimmﬁui’ﬂqﬁqa uAnIIn1siRiIsaanIzAn R-Squared (
R)  iissegnaierivliifiemetisranunsavenldimansiaduiaquaasatiadamnuusiug,
winiiedla Fedndurosmarsanmaviinm (Refractive Index : n) vesingusazyiinuaz
finsunedidudimiuaniandeuiiliannimeass

Tnemduilinim (Refractive Index : n) Aa Arftsuandemsdsuauiivesuanile
rufInanadnaiinfy  Gefmnnadiinmdiaunnfiagdaimainumiigduieafeatudi
winAswiivnmiiafosfarBadimsinmiian arnadviidinm (Refractive index : ) ¥e4



60

uywd (Human) 1 n=1.36 Adwtvinv (Refractive index : n), v@3lil (wood) #F1 n=1.60
wagARYivinm (Refractive index : n) Ya3®iuus (Cement) A1 n=1.55 aazdannlainm
ol 2 = < o Aa[ Ya o ] wa &
nuiwvuewedll (wood) uas@iuus (Cement) HewilndiAssiumwsizhiinaaudiidu
EJH g = s 5 1 1 1 1 &l v
homogeneous Pllasllodieriunaonnuny wing1snaneuyuelnaan R
: o ad o d4 0 oA ) & = o v o odw =
inhomogeneous  Flilsibanlimlauiunaaanssanedvinliassdvinm  (Refractive
. 1 A 1 2/ =l Qe s 1 ﬂ’lﬁ =) 1 a a
index : n) fidnuesninliikasduud Monuandivesiagmalidinanon1snsaiuingues
o a 1 a o a [ = 2 &
TLUUATINTUALAUYIIEIUBUNTILIA Feaunsoadiuselamunisan 4.11 41eansll

d =i =i 1 o = W L]
M13199 4.14 nan1sWisuifisuseninsiinmussywd (Human), wud (Cement) uae
2 W ¢ { i Aoy v Y |
17 (wood) fuAwesiduanuaaiamdeuseninssesniinlivesingiilu
mui‘l;-fﬁ (Human), Fwwus-Cement) taslal (Wood) 89 62

'E'mqm%'lum'imaaa SR (Refractive index : n) f-ilasidusauaaiaiafou (%)
uywe (Human) 1.36 1.36
Fuun (Cernent) 155 1.31
14l (Wood) 1.60 0.84

PMNTUTBURBUSENT AR (Refractive’ index - i) war Wasiudainunaia
r.‘l s ¢={ 1 . s - o & o d'
\ARRUAIWITIIN 4.11 wudn arilini (Refractive index & n) vasaiywe (Human) da1vunn
o 8 w ¢ ¢ = =1 N ¢ o &
NS UR A NAAIMAF O LI RNANRNL LA NI Bwius (Coment) wad Bl (Wood) 1u
= ¢ a « - - v ey ey ey = & P = a
1AL UAATTUAAAWABUN UL NS e LAY RNt (Refractive. index n) Nu1n 3Ty
doasulagtssunsidupuiuhenBunsusetuinuwiuglunsn 7aeduingnaan
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5.1 d3UNan15IY

NNNINAaeUUsEENSAINYRS LIDAR WU qﬂnszﬁ%uﬁ?ﬁufiumLsﬁaéaimﬁuwswmﬁ
mnuwiudrgannlunsnsaduinglusseslnduaglnaivilfiawesdailmnzaniuns
dandszgndldluszvunsduaudurimeawesgudunsusaiiulsinsy ARDUINO
TnefiRnaalifuuuedliiinm Swunsadiludiemdedimsmaeuanon

Favdsniugideldissuunmaduauiuriluiadefuldiingaeies wovhns
veaedlaonisliase Fe3delseentuuspilumsasiztveandu 3 szoe Ao mwgalosnin
80 cm (61), ANNgs 80T (4, ) LagAnugs 81-180 cm (@:) pofinsnsiaduszozusn (
61) annsanyeufiiinguuaaidniagansnsEuivlE msns98Uszeriiaes (6,) aunsa
593U TngRdssiuUndly nisasaadusrazaaviie (s amasansaadudngiifianugendn
Unfuaganutstsvumeiuls ssuunssduauduidadiamestudursusndfacsiuli
§raFurdulimumiudlunmssasuingluyiiausariuasainsadiaia syor s
Tgnduanlsiagiasansy
5.2 Yalduauuy

1. 1InnasadTeline 15T vmadURIRLAse e S usun L SmlURA UL
yniuwuhdadinslsmelidummsniue sl

2. sTUumsARTUAMANT Blaie FEuBunT L ssuRig TN TSR IRt U Tag laglu
9115 Geinglusiasiiiamnaiiinnnid wywe 1l tarfibud Tunteaandanidetul
9199eATI9dUTng N1l

3. sruUnTIsSundiiuTmeEre st BT AUl LRI Tdeun el lune
manthorvsAsundlduuAofiTiunEnasls

4. vannuiiuifiansiaeseiuvior T AT e asuiTi i Wivh B saununisly
fouvursmnfuiuwaUAsums TnTonawesiviliA 2 s 4,86,
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Abstract

The purpose of this research.was to develop obstacle warninginstruments for the blind so
that they are safer in daily life. The development showed-that the obstacle warning instruments
for the blind were made in three parts; head, waist and leg. The principle of the instruments
supported reflection of waves. The instruments composed of ultrasonic sensors; SRFO5 and HC-
SR04, PIR sensors and are controlled by microcontrollers; ARDUINO#ATMEGA 2560 which is wireless.
The microcontroller would display warnings from motor oscillation with three warning sounds.
“Mind your head,” “Beware of the people in front of you,” and “Mind your legs.” The instruments’
program default control settings begin to warn when detecting obstacles in the range of 40 to 60

cam.
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Design Infrared Radar System
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Abstract

In this paper we designed a type of close proximity infrared radar system
used to detect any object close. to -the device by making scanning with angle
180°and distance-from 10cm to 80cm. The system is based on microcontroller
design. The user will hear a voice just as alarm’ sound and the distance of the
object will be readable on the sereen of small LCD. The user also can see the light
given by LED appear in the direction of the object.

Keywords: Infrared -Radar, Sensor,  Automotive Radar, Microcontroller and
Targets Detection

1. Introduction

Radar can be briefly defined as method of using radio“wave to determine the
location of objects in space inrelation to a known point.
More precise definition of radar is-that-it-is an electromagnetic system for
detection, location and sometimes for recognition of target objects, which operates
by transmitting electromagnetic signals, receiving echoes from target objects
within its volume of coverge, and extracting location and other information from
the echo signals [1]. IR Radar is an application of automotive radar, where this
type of pulse radar is operating by sending short pulse to make scanning. Actually
with small range (don’t offer more than 1.5 meter). The goal of this paper is to
create a working IR Radar system to detect close proximity targets at an angle of
180 degrees, with range (10-80cm).

1.1 Features of IR radar:
1. Increases the detection range from 80cm to 4m by using sonar range finder
which uses time-of-flight to measure distance.
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2. Increases the angular rotation of stepper motor to 360° (full rotation) by
installing brush on the shunt of the stepper motor. Comparison between Ultrasonic
and IR sensors.

Ultrasonic-sensor:

- Time of flight distance measurement.
- Longer range than IR.

- affected by wind.

- affected by hardness of object.

IR-sensor

- Angle (parallax) distance measurement.
- Shorter range than SONAR.

- affected by sunlight:

- affected by colorof object.

2. Method of Works:

The Sharp IR-Range Finder works-by the process of triangulation. A pulse of
light (wavelength range of 850nm +/-70nm) is emitted and then reflected back (or
not reflected at all)." When the light returns it comes back at an angle that is
dependent on the distance of the reflecting 'object. Triangulation. works by
detecting this reflected beam angle, by knowing the angle, distance can then be
determined [2]. ;

Object

Object

~ %

Point of Raflection

Figurel Different Angles with Different Distances

The IR range finder receiver has a special precision lens that transmits the
reflected light onto an enclosed linear CCD array based on the triangulation angle.
The CCD array then determines the angle and causes the range finder to then give
a corresponding analog value to be read by your microcontroller. Additional to
this, the Sharp IR Range Finder circuitry applies a modulated frequency to the
emitted IR beam.

Beam Width:

A major advantage we may have with the Sharp IR range sensor is beam
width. Unlike sonar, it's fairly thin - meaning to detect an object your sensor must
basically point directly at that object.
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2.1 Principle of Operation (GP2D12 IR Sensor)

GP2D12 IR Sensor Description

The GP2D12 provides a non-linear voltage output in relation to the distance of
an object from the sensor and interfaces easily using any analog to digital
converter. Figure 2 shows a Sharp GP2D12. The LED on the left is an emitter,
while the bigger lens on the right is a detector.

By

Ground L
ol —— To ADC-CHamrel N\l !

PIN| SIGNAL NAME
(&) Mo

2 GND

& Vac

S GPAILDetetr

Figure 2 Pin Layouts for GP2D12.[15]

GP2D12 Infrared Ranger module has 3 terminals: Power input (Vec), Ground
(GND) and Veltage output (Vout). The output voltage depends on the following
factors:

1. Distance to the nearest reflective object.
2. Object color:

3. Object surface,

4. Surrounding light:

Only the first factor is desired to affect the output voltage, it must be
independent upon the other three factors; to achieve that, all sensors are positioned
at carefully selected points in the vehicle to avoid.direct exposure to surrounding
lighting. We can make.a walls covered with a plastic tape at the same height of
the infrared sensors to make its color homegeneous at all-points. Tape's color is
selected to be light green to ensure.the maximum amount-of reflected ray. To read
the voltage values from the GP2DI12,-you must wait till after the
acknowledgement period which is around 32 to 52.9 ms.

2.2. Work instruction

When we used infrared light we should take care that the time it takes to hit an
obstacle and reflect back can not be measured because infrared light travels fast.
No measurement equipment is available yet. Therefore, the following theory must
be used.

The infrared light is sent out from a transmitter to the object in front, by
passing through a condense lens so that the light intensity is focused on a certain
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point. Reflection occurs once the light hits the surface of the object. Part of the
reflected light will be sent back to the receiver end, in which another lens will
combine these lights and determine the point of impact.

| ____Object i

'

GP2Z2D 12

Figure3 Distaiice Measurement by GP2D12

The light will then be passed on to an array of photo-transistors [3]. The position
in which the“light falls can be used to calculate the distance (L) from the
transmitter to the obstacle using the following formula:

L/A=F/X
Therefore,

L=(FxA)/X

3. PROJECT DESIGN

3.1. Processing Overview

We will discuss the operation and design of our block diagram figure 4.
Firstly switch is on, then we will get closed circuit. The stepper motor will be
turned on with instruction to rotate 180 by pic (16{877A).
Stepper motor will drive the IR SENSOR [this sensor GP2D12 consist of
emitter and detector. The emitter will send an infrared signal to detect an object.
When this signal hits the object, the signal will be reflected back to the detector.
Then the detector will send analog signal with suitable voltage and angel. The
voltage of this signal is suitable with the distance. 16F877A will make its
[software operation] and convert analog signal to digital by A/D and give a
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command to the led which in the direction of the object and display the distance
on the LCD then the speaker will give alarm.

Special case:

When we deal with moving object, the software will be changed consumed
with the pic variation in angel and voltage. We showed a close design to the
circuit drawn using proteus program as shown in figure 5.

PIC 16K877A istum IR sensor Hold
. 7 the stepper motor to C—"] abovestepper start to
Switch is on EE— > o ith 180 Scan
degree

i

PIC receives

analog i Il;)l;ietector IR emitter
SIE) = receive the Object sends
reflected signal infrared
looking an
obiect
L (E/E el
PIC
convert LED receive Display distance on
signal to ———"> command from PIC — LCD
digital by
A/D
converter

Figure 4 Block diagram of IR RADAR system.

3.2 Hard Ware Connections:
The following figure demonstrates the schematic design of our proposed
system.
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Figure 5 Circuit of the Schematics design

The following figure shows the hard wate of our designed system

Figure 6 The hardware connection of our designed system

4. Conclusion and Future Work

There are many improvements that we can make to our system in order to
create better results. First of all, we need to increase the range of the detection, not
to limit our input signals as much to get accurate results. We need to adjust with
the sampling rate that we used in order to be able to detect smaller velocities as
well as more accurate ranges.

We could optimize the algorithm for the peak locator in the velocity analysis to
give more accurate results. IR can be cheaper and smaller than Ultrasonic
although sensing with light is less efficient than sensing with sound. A major
problem with the Sharp IR range finder is beam width, it‘s fairly thin.
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The Smart Cane Utilizing a Smart Phone for the
Visually Impaired Person
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Abstract—This paper deals with the intelligent Android
application system for smart cane, which helps the visually
impaired person to detect an obstacle in their environment and to
guide them towards their destination. In addition, it can increase
a convenience to the utilization that networks with smart phone.

The designed smart cane supports an application to pair it o
smart phone. . It uses an ultrasonic sensor is to detect obstacles
while walking, and a gyro sensor is used to prevent falls. The
formed experimental board is paired to a smart phone App.
using Bluetooth V2.0 serial protocol.

Keywords—smart cane; visually impaired person; Application;
AVR.

I INTRODUCTION

A cane seems to be a hand and foot to.a visually impaired
person. Nowadays, canes almost like conforming existence and
nonexistence of obstacles.

Many researchers have studied a variety of utilities for the
visually impaired that already-exist. Shane Mac Namara and
Gerard Lacey proposed Smart Walker [1] for the first time.
K.M. Hou, E. Pissaloux and H.L.Shi studied Explorer Stick 2]
on smart environment. Recently, X. Qian and C. Ye proposed a
Plane Extraction method [3] for the visually impaired.

In this paper, for the visually impaired-person, our goal is to
present an experimental motivational system for obstacle
detection, decision indication, voice guidance, the prevention
of falls, and night walking with the smart cane using a smart
phone App.

II.  MANUFACTURING

A. Outward Form of Smart Cane

Our smart cane is manufactured according to the prototype
below:

Q72_1_A700_NKE1AR_1/1A4/€241 NN A2N1 A IEEE

1NA

Sanghag Kim and Kang Hyeon RHEE
Dept. of Electronics Engineering, College of Electronics &
Information Engineering, Chosun University
Gwangju, Korea
or7seven(@gmail.com, khrhee@chosun.ac.kr

(b)

Fig 1. Making a prototype (a) and its outward form shape (b).

The designed smart cane consists of three main parts: 1) a
hand grip (four kinds of functional devices built in), 2) a pole
(battery pack) and 3)-an ultrasound sensor (obstacle detection)
as shown.in Fig/ 2.

= Vibrator (Warning obstacles)

mg Bluetooth to smart phone)

» Pole(Battery)

Ultrasound sensor (Obstacle detection)
Fig. 2. The functions of the smart cane.

In Fig. 2 top part, AVR module, a vibrator and a speaker
are built into the cane grip for pairing to a smart phone via
Bluetooth, The middle part is the pole, in which a chargeable
battery pack is inserted. An ultrasonic sensor is built in bottom
part for obstacle detection. These functions are implemented on
the AVR module which is built into the cane grip inside as
shownin Fig. 3.

Fig. 3. AVR module built into cane grip.



B. Devices Purpose

The purpose of the devices in the designed smart cane is
described as follows:

1) Ultrasonic sensor: obstacle detection in the left/right/front of
the visually impaired.

2) Cds: luminance around the visually impaired.

3) Microcontroller: controls the input and output data.

4) Vibrator: vibration for existence and nonexistence of obstacles.

5) Bluetooth module: pairing to smart phone (Android application)

6) Acceleration/gyro sensor (InvenSense MPU-6050 3-Axis):
prevents falls and controls the error range of the ultrasonic
sensor.

7) Power module

First, the sensor network consists of an acceleration gyro
and an ultrasonic sensor, and the Bluetooth V2.0 module.

Second, the smart phone application program system can
guide the user safely from the starting point to the destination.
According to the instruction system, the visually impaired
person is guided to the destination on real time i.e. ‘go strait,’
‘turn left,” ‘turn right,” and ‘stop’ and the current situations are
reported to him by voice. There are three vibrators on the left,
light, and top sides of the cane grip, that generate a danger
signal according to the direction of obstacles.

C. Implementation

The proposed smart cane is developed using the

applications below:

1) Atmel Studio 6.1

2) Rhino 3D 5.0

3) Java SE (JDK) 7u2l. Android ADT ¥22.0.0
4) Android application tool

III. = EXPERIMENT

A. Communication

For the experiment of the proposed smart cane, the items
below are involved:

1) HC-SR04 operation (Ultrasoni@kensor,-Obstacle sensing)

2) Communication between AVR and Android (Bluetooth ¥2.0)

3) Pairing between AVR and smart phone (Bluetooth V2.0.)

4) Intercommunication between™ AVR modules each —other
(Bluetooth V2.0)

For communication between AVR and Android. the
Bluetooth V2.0 serial protocol is used.

The formed experimental board pairs with the smart phone
of the visually impaired person’s conservator, transmitting his
present situation to the conservator’s smart phone- through his

mobile network as shown in Fig. 4.

B. Formed Experimental Board

The devices in II-B involved on the experimental board:
When the visually impaired person moves and taps with the
cane on the street, it has the possibility of generating some
noise. LPF (Low Pass Filter) is used to remove noises rapidly.
Eq. (1) is shown a mathematical form of 1* LPF.

AT
——, where 0<a<l1.

yi= ax;+ (A - )y, a &£ —

The designed LPF in this paper, a is 0.9 to increase an
effect of noise removal and reduce delays in time.

&

17

Conservator

Power mod .

AVR 128

Speaker
Mobile network

OsmAnd
. havigation
-

H Bluctooth
way Comm. )

HH
Go LefvRight
Straight on.

Ultrasonic
Sensor

3 axis

Aceeleration

Visually impaired
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Fig. 4. The system configuration.

C. Obstacle Detection

In Fig. 5, according to the beam pattern of the SRF04, a
trigger signal is generated and an echo is detected by the
obstacles. The reflected impulse (left/right/front direction) is
measured, and three vibrators determine the direction of
obstacles.

Search the (left/right/front) direction in obstacle’s range

(6% XA AASIIREIN M hyr © TCEN XU

¥ max. 3v, -5v

x axis(Time)

y=axis (+Vs, <\s)

r—
|
|

Distance
Echo Trigger signal
(Detected obstacle)  (10us, 1time/sec.)
(a) (b)

Fig.-5. The beam pattern of the SRF04 (a), measures the echo trigger
signal and detect the reflective impulse of the obstacle (b).

IV. " CONCLUSIONS

Our smart cane is designed to allow the visually impaired to
move freely by themselves. The conservator can monitor the
environment of the wvisually impaired person through his smart
phone on. real time. Its technical performances will be
evaluated to these existing systems on a variety of
environmental obstacles.
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Abstract—Blind people are prone to sweep or knock whatever
obstacle which pass before them during walking, subjecting them
to risk of injury caused from fall. The aim of this project is to
develop a smart cane with distance measurement system. The
system comprise of an ultrasonic sensor as input and earphone as
the output. Ultrasonic sensor is used to measure distance from
the obstacle. Data is then sent to National Instrument myRIO-
1900 controller for processing which later produce beeping sound
as the output. The process was graphically programmed using
LabVIEW with FPGA as the intended target. Performance of the
system has been ascertained through several verification tests. In
general, the device will alert blind people of the obstacles-through
the audio output.

Index Terms—blind people; distance measurement; ultrasonic;
NI myRIO-1900; audio output.

I. INTRODUCTION

Blindness is defined as the state of being sightless in which
both eyes suffer from complete loss of vision. The impairment
is not fixable, even through the-use of glasses, contact lenses or
in extreme cases, surgical procedure. The disability is mostly
caused by diabetes, macular degeneration, traumatic injuries,
infection and glaucoma. Other causes include blocked blood
vessels, complications of premature birth; complication of eye
surgery, stroke and tumors [1, 2].

There are many early signs of ‘blindness such a discomfort
and weary eyes, foreign body sensation, and pain. Patients may
experience discharge from the eyes [1].- World  Health
Organization has estimated that about 285 million people
worldwide are visually impaired; in which 39 million are blind
while another 246 million have a low visien [3]. The number
of people suffering from loss of sight is increasing dramatically
[3, 4]. The Royal National Institute of Blind People (RNIB)
has predicted that by 2020, the number of visually impaired in
UK will be over 2 million people [5].

Blind people experience difficulties when commuting to
their intended destination [6, 7]. One of the greater obstacles is
to detect foreign objects across their walking path. Based on
[8]. a safe distance between a blind person and an obstacle is in
the range of 20 cm to 250 cm. With reference to Mau et al. [9],
roughly 90% of the blind population is unable to travel alone.
3% of them are dependent on their pet while the remaining 7%
uses the white cane. Even with the white cane, their mobility is
still limited; both indoor and outdoor.

978-1-5090-4186-2/16/$31.00 ©2016 IEEE
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In the 21st century, the latest smart cane to hit the market
was introduced by the Indian Technology Delhi’s Assistive
Technologies Group (Assistech). The device helps the visually
impaired to navigate around an obstacle by measuring the
distance through vibration detection and sonar technology [9].
Developers have put in effort to help the visually impaired feel
safe, secure-and comfortable whenever going out in public or at
home. The cane is.continuously refined to serve as their second
eye, which ultimately allows them to walk independently.

Smart Cane; developed by Rutgers University and GSET
implements ultrasonic sensors to detect obstacles and a
vibrating motor-to-alert the user [11]. Its concept is similar to
the one developed by Assistech, but with an additional feature
which allows the sensor to be adjusted according to the height
of the user [ 10]. Both devices however, focused on obstacles in
front of the blind individuals. Meanwhile, the cane developed
by Yoshihiro et al, also considers uneven floor conditions.
Dangerous surfaces are detected via infrared sensor and the
information is relayed to the user via headphone.

This project aims to further revolutionize the idea using NI
my RIO-1900. The proximity sensor for obstacle detection can
be adjusted to suit user specification. Meanwhile the output is
produced as an auditory signal through earphone. The project is
expected fo enable the visually impaired walk independently
without the need to sweep or knock the cane as information
related to distance to the obstacle and uneven floor conditions
have already been made available by the system.

II. METHODOLOGY

This study is focused on aspects related to hardware design
and algorithm implementation. All information associated with
input specifications, processing device and output component
were collected prior to prototype realization. Components
identified include ultrasonic sensor as the input, NI myRIO-
1900 as the processor and auditory signal as the output.
Aspects of power supply have been researched to comply with
portability requirements. Hence, rechargeable battery has been
considered for this project. Performance of the proposed device
focused on implementation of the sensor, as well as overall
accuracy and efficiency.

Ultrasonic sensor measures the distance between obstacle
and the device [12]. Time taken by the sound wave to travel
from the sensor to the nearest object and reflected back to the
sensor is defined as the Time of Flight (TOF).
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Meanwhile, a sub-component of decision-making process
used for selection of beeping pattern is outlined based on the
detected obstacle range. Flowchart for the program is
subsequently shown in Fig. 3.

Sound Play for

v

Fig. 3. Audio Signal Selection Flowchart

IV. EXPERIMENTAL TEST

Experiments were conducted to-analyze ‘the best position
and angle of the sensor when combined with the cane. Two
sensor positions were analyzed; upper and lower position of the
cane.

A. Sensor at the Upper Position

Length of the cane was 120.em. As shown in Figure 4, the
average height taken between ground level and the top of the
cane is 80 cm. The sensor was implemented for angles of 90°
and 45°. The obstacles were 200 cm from the sensor. The top
of obstacle were 80 cm from ground level. Meanwhile the
bottom obstacle was placed on the floor. The middle obstacle is
positioned midway between the top and bottom obstacles.
Distance for each obstacle is averaged over three readings and
the results are presented in Table II.

Obstacle

Fig. 4. Sensor at the Upper Position
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B. Sensor at the Lower Position

The experiment was replicated with the sensor at a lower
position. The setup is as illustrated in Figure 5. Average
distance between the sensor and each obstacle is presented in
Table 1II. As shown in Fig. 6, height of the obstacles was then
plotted against the distance measured from different sensor
positions and angles.

Obstacle

Top

1
WMiddle

Fig..5. Sensor at the Lower Position

TABLE Il. DIsTANCE RECORDED FOR SENSOR AT THE UPPER POSITION

Distance
(cm)
197
Top 199
200
212
216
213
225
Bottom 222
223
230
Top 222
224
221
214
221
209
210
208

Angle of Sensor .| Obstacle’s Position

90° Middle

45°, Middle

Bottom
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TABLE III. DISTANCE RECORDED FOR SENSOR AT THE LOWER POSITION

Distance
(cm)
210
212
211
203
205
204
199
200
201

204
205

202
209
210
207
243
255
272

Angle of Sensor | Obstacle’s Position

Top

90° Middle

Bottom

Top

Middle

Bottom

g

1y

== Actual Dktance
= |Jpper height cane at 90°
~—— Upper heightcane at 45°

Obstacle Height {cm)
-] 3

= — |ower height cane at 90°

<]

= = Lower height cane at 45

Distance (cm)

Fig. 6. Obstacle’s height versus measured distance from different position
and-angle

Results show that sensors at upper and lower positions with
angle of 45° are not suitable as the measurement deviated too
far compared to other sensor settings. For top and middle
obstacles, sensor at lower position with angle of 45° attained
values close to the actual distance. However, its performance
deteriorates for lower positioned obstacles. The sensor at lower
position with angle of 90° achieved the most accurate reading,
even for the top obstacle.

However, such position is prone to being damaged when
the user swings the cane. In addition, impurities such as dust,
sand and mud may get lodged on the sensor component when
used outdoor. Consequently, this will adversely affect the
overall performance and accuracy of the system for detecting
obstacles. As an alternative, sensor at the upper position with
angle of 90° can also efficiently measure obstacle distance.

For such setup, the measured distance increases with lower
positioned obstacles. The bottom-most obstacle however,
recorded deviation of not more than 12.5% from the actual
distance. Furthermore during the experiment, the obtained
measurements were almost constant and thus, are more reliable
for practical implementation. Hence for this project, the most
suitable sensor configuration will be at the upper position with
angle of 90°.
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V. CONCLUSION

The study has successfully developed a smart cane for
alerting the blind user of the impending obstacles. These were
realized through implementation of ultrasonic sensor which is
capable of measuring distance to the object. The information is
then fed to the NI myRIO-1900 which later translates into
audio signal. The frequency of beeping increases as the user
walks closer to the obstacle. The placement and orientation of
the sensor on the cane was also successfully analyzed in terms
of accuracy and angle. The upper positioned sensor with angle
of 90° has been found to the most practical configuration. In
general, a smart cane with range notification feature has
successfully been developed and its specifications verified.
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bstract- Security Management and Safeguard of properties
ave become a necessity in any establishment and requires a
leasure to deny access to unauthorized personnel from accessing
facility. Some of these measures come at a cost as security is
levitable. The objective of this project was to design and
nplement an affordable, effective and reliable wireless intruder
etection system and to minimize false triggering and enhance
etection using Dual Infrared Technology. The idea was to
nploy distance infrared proximity sensor (SHARP-0A41SK)
hich generated an interrupted signal when any obstacle is in
ont of IR sensor. The interrupted signal was fed to an 1C (NE
55) timer arrangement to produce a flip-flop audible sound to
lert people of intruder presence. The designed and-constructed
nal infrared intruder detection system. subjected to testing
roduced an accurate security zone that spreads out uniformly to
1hance protection for properties, homes and offices. The system
buld be adapted to monitor other alarm conditions such as fire,
eat smoke, flood, etc. The design could be recommended for
se of GSM applications as the alarm system' that could be
rogrammed to call Police distress line directly and relay a pre-
rogrammed message with the address of the intrusion scene for
stter response rescue by the police.

wdex Terms- Dual, Infra-red, Intruder Detection, Receiver,
ecurity

I. INTRODUCTION

anagement of assets and safeguard of properties and
‘ human lives have become a fundamental requirement in
1y establishment such as institutions, hospitals, industries and
omes as well. Security management is the identification of
sets  (including information assets), followed by the
avelopment, documentation, and implementation of policies and
-ocedures for protecting these assets. There are two types of
:curity management namely software security and physical
:curity management. Software security is an idea implemented
' protect software against malicious attack and other hacker
sks so that the software continues to function correctly under
ich potential risks. Security is necessary to provide integrity,
ithentication and availability.

Physical Security describes security measures that are
:signed to deny access to unauthorized personnel (including
tackers or even accidental intruders) from physically accessing
building, facility, resource, or stored information; and guidance
1 how to design structures to resist potentially hostile acts.
1ysical security can be as simple as a locked door or as

elaborate as multiple layers of barriers, armed security guards
and guardhouse placement. Physical security is primarily
concerned with restricting physical access by unauthorized
people (commonly interpreted as intruders) to controlled
facilities, although there are other considerations and situations
in_which-physical security measures are valuable (for example,
limiting access within a facility and/or to specific assets, and
environmental controls to reduce physical incidents such as fires
and floods). Security inevitably incurs costs and, in reality, it can
never be perfect or complete - in other words, security can reduce
but cannot entirely eliminate risks. Physical access controls for
protected -facilities are generally intended to deter potential
intruders. . (e.g. warning signs and perimeter markings);
distinguish authorized from unauthorized people (e.g. using
keycards/access “badges); delay, frustrate and ideally prevent
intrusion attempts (e.g. strong walls, door locks and safes); detect
intrusions and monitor/record. intruders (e.g. intruder alarms and
CCTV systems); and trigger appropriate incident responses (e.g.
by security guards and police). Burglar alarms have been around
for thousands of years. The most basic alarm used by ancient
humans was the dog, It would protect property and guard against
people who were attempting to take valuables. Over time,
humans used other tricks like chimes to warn them against
burglars. The use of burglar bars on doors, burglary proof on
windows and fencing of a house are now not a requisite to
protect us from burglary. Modern burglar alarms, however, are
far more elaborate-and use advanced forms of technology [1].

Hardwired systems have circuitries that are interconnected
via wires. For installation of these types of systems professional
help is needed. They are considered to be the most reliable one,
as each and every sensor is physically connected to the control
unit. This will reduce the chances of errors in the working of the
system.

During the 1980s, improvements to motion sensors merged
with other technologies. Motion sensors began to use infrared
technology to avoid false positives and also superior electrical
components to establish full home protection systems. The
Infrared Radiation represents a major field in the electromagnetic
spectrum and is the energy in the region of the electromagnetic
radiation spectrum at wavelengths longer than those of visible
light, but shorter than those of radio waves. Electromagnetic
radiation is energy that is propagated through free space or
through a material medium in the form of electromagnetic waves,
such as radio waves, visible light, and gamma rays [2]. The term
also refers to the emission and transmission of such radiant
energy. With increasing growth rate of population in the society,
daily crime rate in the homes and offices have also increased
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nmensely. Home and office security in this modern
:chnological world is an electronic detection device system.

1 today's modernized alarm systems, the detection system
mploys a single unit sensor or dual technology which comprises
vo type of sensing unit. These can stop the unlawful entry and
itruder activity before it takes place, and gives an alert of an
itruder attack [3]. Therefore, there is the need to design and
nplement an affordable and effective Infrared Receiver Circuit
r intrusion using Dual Sensors.

II. PROBLEM STATEMENTS

Rapid growth in the world population with in commensurate
nployment opportunities and pressures of a more complex

society, the incidences of human intrusion and burglaries and
crime in private and public places are on the increase.
Heightened security concerns at homes, banks, shopping malls,
schools, offices, etc. have led to continued search for different
and improved security gadgets which are expensive. These
security gadgets have their sensors for intruder detection at
separate locations which makes it expensive [4]. Also both
sensors must detect an intruder before an alarm will trigger. This
implies that when a sensor unit is faulty the system cannot detect
any intrusion. There is there for the need to design and construct
an affordable and effective Infrared Receiver Circuit for intrusion
using Dual Sensors.

[1I. METHODOLOGY

RECTIFICATION/
FILTERING

LTRANSFORMER

ES

hd &
IR SENSOR'1
IR SENSOR 2

5o

VOLTAGE
REGUEATOR

AMPLIFICATION

2

—P[ RELAY H ALARM ]

Figure 1. Block diagram of Dual Infrared Receiver Circuit

The block diagram above represented the ' major components

sed and the sequential flow of signal from detection of intruder
the sounding of an alarm. This system was designed to alert

e user when an intruder entered the home or office. If there was
ly obstacle in front of IR sensor, it generated an interrupt
gnal. This interrupted signal was amplified to switch a relay for
e buzzer to sound an alarm. IR transmitter emitted infrared
diation which have to be detected by IR receiver'> When an
truder or obstacle broke the line of sight, the transmitted IR
ys were reflected back to the IR receiver. The breaking of the
1e of sight (interrupted signal) would trigger a loud audible
und to alert people of intruder presence [5].

The method used for the design and implementation of the
1al infrared detection system was categorized under the
llowing stages: Component Assembling, Soldering Station
eparation and Packaging.

IV. RESULTS AND DISCUSSIONS

During the design and implementation stages, tests were
rried out and the following observations were made:

The full wave rectifier produced an output of 24Vdc which
rved the input of the 7812 voltage regulator which generated an

output of 12Vdc.The half wave rectification produced a 12Vdc
output which was fed to a 7805 voltage regulator and produced
an.output of 5Vdc.

The Infrared Emitter produced radiated rays which upon
intruder detection produced an output signal by Infrared
Receiver. The output signal of the receiver was very weak to
drive the buzzer and needed to be amplified. The signal was
amplified by a transistor to operate the output device which is the
buzzer.

The designed and implemented dual infrared receiver
system worked by sending out a beam of light, of which when
the beam of rays broken by human across the path of the infrared
sensor activated the alarm and the buzzer was sounded. The
system was tested at an entrance point of an area and an alarm
was triggered when an intruder passes within its range of
coverage to notify or alert the people within its inhabitant or
security personnel. The alarm produced or generated by the
output device (buzzer) was audibly enough to alert property
owners of intruder presence for unauthorized or unlawful entry
into premises (office or home). The designed and implemented
Dual Infrared Intruder Detection system subjected to testing
ensures an accurate security zone suitable for enhancing
protection for properties, homes, offices and safeguarding
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numans and offers the advantage of low cost and low power
I.if:onsumption in its operation.
[ntensity of Radiation

It was realized that the energy from the point source of
adiation which is defined as coverage zone for protection can be

calculated using the formula

| Where Incidence E is the flux per unit area at the detector,
has units of W/m®

Emittance M is the flux per unit area of the source, has units
of W/m?
| Surface Area A is the area from the point source, has units
of m?
Distance R is the distance between the target and Receiver; has

Iunits of m
[t

From  Stefan-Boltzmann law [6] ,~ M =
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where

¢ is the Emissivity of surface

o is the Stefan-Boltzmann constant

T is the Temperature measured in Kelvin

From equations (1) and (2) , the intensity of radiation was
calculated using the following measured parameters:

Area (A) = 0.04m?

Emissivity of surface (g) = 0.94

Temperature (T) = 309K

Stefan-Boltzmann constant (g) = 5.67*10exp -8 w/m2K"-4

~CLT

AM
From the formula =~ 4mR? | the values of intensity calculated
against their respective distances were tabulated below [ 7]

Emittance, M
= 485.89 w/m?

\

Table 1: The relationship of Intensity against Distance

Parameter Unit 1 2 3 4 5
Area (A) m? 0.04 0.04 0.04 0.04 0.04
Emittance (M) w/m? 485.89 485.89 485.89 485.89 485.89
Distance(R) m 0.05 0.1 0.15 0.2 0.25
Intensity (E) w/m? 618.65 154.66 68.74 38.66 24.75
700 | 1—p—=\ L Y A v A\ en B1 () (] [)090- o B R
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Figure 1: A graph of Intensity against Distance

The analysis made on the design of Dual Infrared Intruder
Detection System revealed that the strength of the output signal
o trigger the alarming circuit depended on the measure of the
listance of the intruder detected by the proximity sensors. If the
bject is close, the reflected rays will be stronger than if the
sbject is further away, The value of intensity radiated depends on

the value of the distance measured between the target and the
detector. Therefore, the closer the object the high the Intensity.
This principle can be used for several automated systems such as
robotics, industrial safety device to detect gas leakages,
automated patient monitoring at hospitals, a measure of fail-safe
functions for equipments in a factory and for traffic signaling.
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V. CONCLUSION

Conclusively, a dual infrared intruder detection system has
een designed and implemented. The use of Dual Infrared as
1onostatic unit radiated beam of lights that spreads across a
rider area defined as zone of protection. This phenomenon of
ual infrared made it suitable for accurate security protection
gainst human intrusion for homes, offices, banks and properties.
he designed project was  affordable, effective and reliable
fireless intruder detection system. The system is a measure for
ife guarding valuable properties and humans against intruder
ttacks and minimizes false triggering or false detection. The
udible sound generated by this research gives the alertness to
wners or occupants of properties and neighbours around of
itruder attack and can call police for assistance.
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Predicting Wheat Quality Characteristics and Functionality
Using Near-Infrared Spectroscopy

F. E. Dowell'? E. B. Maghirang,' F. Xie,® G. L. Lookhart,’ R. O. Pierce,* B. W. Seabourn,’
S. R. Bean,’ I. D. Wilson,” and O. K. Chung®

ABSTRACT

The accuracy of using near-infrared spectroscopy (NIRS) for predict-
ing 186 grain, milling, flour, dough, and breadmaking quality parameters
of 100 hard red winter (HRW) and 98 hard red spring (HRS) wheat and
flour samples was evaluated. NIRS shows the potential for predicting
protein content, moisture content, and flour color b* values with accu-
racies suitable for process control (R* > 0.97). Many other parameters
were predicted with accuracies suitable for rough screening including test
weight, average single kernel diameter and moisture content, SDS
sedimentation volume, color a* values, total gluten content, mixograph,
farinograph, and alveograph parameters, loaf volume, specific loaf
volume, baking water absorption and mix time, gliadin and glutenin
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content, flour particle size, and the percentage of dark hard and vitreous
kernels. Similar results were seen when analyzing data from either HRW
or HRS wheat, and when predicting quality using spectra from either
grain or flour. However, many attributes were correlated to protein
content and this relationship influenced classification accuracies. When
the influence of protein content was removed from the analyses, the only
factors that could be predicted by NIRS with R* > 0.70 were moisture
content, test weight, flour color, free lipids, flour particle size, and the
percentage of dark hard and vitreous kernels. Thus, NIRS can be used to
predict many grain quality and functionality traits, but mainly because of
the high correlations of these traits to protein content.

Quality characteristics of wheat (Zriticum aestivian L.) whole
grain, flour, dough, and bread can be measured by various qual-
itative and quantitative tests. These measurements are typically
used to determine value or used to predict functionality and end
use quality. There are standard or recommended measurement
methods for many of these quality parameters such as those found
in the Approved Methods of AACC International (2000) and the
United States Department of Agriculture (USDA) Grain Inspec-
tion Handbook (USDA 2004). These methods are generally diffi-
cult and time-consuming, and most cannot be used to. rapidly
measure quality characteristics and functionality.

Near-infrared spectroscopy (NIRS) has been used as a rapid,
accurate, and nondestructive technique for measuring many wheat
quality parameters. Williams et al (1988) used NIRS to predict
wheat strength from hard red spring (HRS) flour spectra with
good accuracies. Their samples were selected to represent-a wide
range in dough strength, sedimentation volume, and loaf valume.
Rubenthaler and Pomeranz (1987) showed good correlations of
water absorption, mix time, and loaf volume of hard red winter
(HRW) wheat to flour NIR spectra. Delwiche et al (1998) applied
NIRS models of flour from pure HRW cultivars to predict glu-
tenin and gliadin content, SDS sedimentation volume; and mixo-
graph peak resistance. When using commercial HRW ‘and HRS
flour, Delwiche and Weaver (1994) predicted absorption, mix
time, bake score, loaf height, and mix tolerance from NIR spectra.
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Pawlinsky and Williams (1998) further showed that, when scan-
ning Canadian HRW and HRS wheat grain, they could predict
functionality parameters-for the identification of suitable material
foradvancement in breeding programs. Their tests were limited to
predicting protein content, wet gluten content, Zeleny sedimen-
tation volume, mixing time, and farinograph parameters. In a
study using spectra from whole grain and flour, Millar (2003)
developed NIRS calibrations from U.K. and French wheat and
showed potential for predicting protein and moisture content,
water absorption, and flour color using NIR spectra, but had poor
results when attempting to predict loaf volume and crumb grain
score. Sissong et al (2006) used NIR spectra from grain from durum
(Triticum turgidum L.) breeding lines to predict kernel, flour, and
dough characteristics for breeding programs. Their results showed
potential for grouping samples into low, medium, and high cate-
gories for test weight, thousand kernel weight, semolina yield,
semolina yellow. color, semolina browning, grain hardness, and
cooked pasta firmness.

Hruskova-and Famera (2003) used flour NIR spectra for quanti-
tative screening based on moisture and protein content, ash, and
wet gluten content. However, related research showed that farino-
graph (Hruskova et al 2001) and alveograph (Hruskova and
Smejda 2003) parameters were predicted poorly when using NIR
spectra from flour. Devaux et al (1986) used NIRS models to
assign French soft wheat samples into three breadbaking quality
categories (good, unsuitable, and irregular), but actual quality
measurements or predictions were not made.

Thus, although other researchers have examined the potential
for NIRS to predict various quality parameters from flour and
whole grain spectra, most were limited to small sample sets, pure
cultivars, or predicting a few specific parameters. No previous
research has attempted to predict multiple whole kernel, milling,
flour, dough, and breadmaking quality from whole kernels and
flour from samples representing those in commercial trade. Thus,
the objective of this research was to evaluate the potential of
NIRS to measure whole kernel, milling, flour, dough, and bread-
making quality characteristics from whole kernels and flour of
HRW and HRS wheat samples selected to represent the quality
range expected in U.S. commercial wheat. It is not the goal of this
research to develop calibrations but to examine where NIRS may
provide the grain industry with a potential rapid means to predict
grain, flour, dough, and bread quality. and where to focus future
calibration efforts.

Vol. 83, No. 5, 2006 529



MATERIALS AND METHODS

Wheat Samples

One hundred HRW and 100 HRS wheat samples (1 kg each)
from the 2002 and 2003 crop years were provided by the USDA
Grain Inspection, Packers, and Stockyards Administration (GIPSA),
Federal Grain Inspection Service (FGIS), Kansas City, MO. Sam-
ples were selected primarily based on their protein content and
were expected to result in a wide range of bread quality.

Two HRS wheat samples were discarded from the sample set
due to insect infestation. The HRW protein content range was
9.2-15.8% (average 12.6%), and the HRS protein content range
was 11.4-19.3% (average 14.6%). Maghirang et al (2006) reported
the details on all quality factors for these samples, including their
source.

NIR Instrumentation

Four NIR instruments were selected to determine whether dif-
ferent wavelength ranges or scanning technology would affect
prediction accuracy. NIR instruments used to collect spectral data
of whole grain and flour samples were the Cognis-QTA Bruker
Optics FT-NIR (835-2,502 nm, Cognis, Cineinnati, OH), which
measured NIR absorbance using an interferometer;-the. Foss
Infratec 1241 (850-1,050 nm, Foss NIRSystems, Eden- Prairie;
MN), which has the narrowest wavelength range but is probably
the most common NIR instrument tised in the grain industry: the
Foss NIRSystems 6500 (450-2,498 nm), which had the widest
wavelength range and included the visible spectrum; and the
Perten Diode Array (DA) 7200 (950-1,650 nm, Perten Instru-
ments, Springfield, IL). For the Foss 6500, the full-rectangular
scanning module was used for scanning grain, whereas the quarter-
rectangular module was used for scanning flour, The Foss 1241
measured NIR absorbance using diffuse transmittance, whereas
the other spectrometers used diffuse reflectance. All spectral data
were collected at the USDA-ARS Grain Marketing and Production
Research Center (GMPRC), Manhattan, KS; except for Foss Infratec
1241 whole grain spectra that were collected by GIPSA. Grain
samples used for spectral data collection were passed through the
Boerner sample divider (Seedburo-Equipment Company, Chicago,
IL), with the number of passes being dependent onthe sample
size requirement of the NIR instrument. This was done to ensure
that representative subsamples from the original sample were being
used.

For all spectrometers, data were collected-according to the in-
strument manufacturers’ recommendations. For the Cognis-QTA,
200 spectra were collected from a subsample with 2150 g of grain
or 80 g of flour and it was continuously stirred while the sample
container rotated about a fixed paddle. The spectra were averaged
into one spectrum. This was repeated for a second subsample and
the spectra from the two subsamples were averaged. For the Foss
6500, 64 spectra were collected from a subsample with ~ 250 g of
grain or 60 g of flour as the sample cell moved past the detection
optics, and the spectra were automatically averaged into one spec-
trum. This was repeated for a second subsample and the spectra
from the two subsamples were averaged. For the Perten 7200, 100
spectra were collected as a sample with =260 g of grain or 160 g
of flour rotating in the sample cup. The spectra were automatically
averaged into one spectrum. This was repeated four times on the
same subsample, and the four resulting spectra were averaged.
For the Foss Infratec whole grain analysis, one spectrum was
collected from each of 10 subsamples from 600 g of sample as the
sample automatically fed through the spectrometer. The 10 spectra
were then automatically averaged. For the flour samples analyzed
on the Foss Infratec, a subsample of ~10 g was placed in a sample
cell and five spectra were collected and automatically averaged.
This was repeated for a second flour subsample and the two spectra
were averaged.
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Wheat Quality Analysis

Maghirang et al (2006) described the testing methods. Whole
grain quality characteristics included test weight, protein content,
moisture content, single kernel hardness, average single kernel
moisture content, and mean kernel diameter. In addition, the per-
centage of dark hard and vitreous kernels were measured on the
HRS wheat samples.

Flour was milled on a Brabender Quadrumat Sr. mill using the
procedures described by Maghirang et al (2006). Milling and
flour quality indicators measured include flour yield, wheat and
flour ash contents, flour protein content., brightness (L*), amount
of red and green color (a*), amount of yellow and blue color (b*),
flour geometric mean diameter, starch geometric mean diameter,
polyphenol oxidase content, falling number, SDS sedimentation
volume, total gluten content, gluten index, insoluble and soluble
glutenin protein contents, gliadin protein content, total glutenin
protein content, free lipids, polar lipids, and nonpolar lipids.

Dough properties were evaluated using the mixograph, farino-
graph, and alveograph. Parameters measured by the mixograph
were-water absorption, mix time, and mixing tolerance. The
parameters measured by the farinograph were water absorption,
development time, stability, tolerance, and quality number, The
parameters measured by the alveograph were peak height, length,
swelling index, work, and configuration ratio. The breadmaking
quality parameters- measured. for the pup loaf (100 g of flour)
straight-dough _procedures were baking water absorption, baking
mix time; crumb grain score, loaf volume, specific loaf volume,
and loaf volume potential.

All whole-grain quality characteristics were analyzed by GIPSA.
CII Laboratory Services, Kansas City, MO, conducted alveograph
tests. The GMPRC conducted all other tests. Standard methods
were used whenever an approved method was available and are
described by Maghirang ct al (2006).

Data Analyses

Forty-six- HRW and 47 HRS whole grain, milling, flour, dough,
and breadmaking quality characteristics were analyzed from both
whole grain and flour spectra, resulting in a total of 186 predic-
tions. Spectral data were analyzed using GRAMS/AI software (v.
7, Thermo Galactic, Salem, NH). Models were developed for
each guality parameter by partial least squares (PLS) regression.
The number of factors when the F-ratio probability level was
=0.75 was used for the calibration model. A one-sample-out cross-
validation was used for the PLS analysis.

Since many measured parameters are correlated to protein
content, the PLS regressions were performed with and without the
influence of protein content. To remove the influence of protein
content on the regressions, each selected attribute was regressed
on protein content and the residuals calculated. These residuals
were then-used in the PLS regressions. This was done only for the
Foss 6500 data.

Mean-centered absorbance (Log 1/R) and the Savitzky-Golay
first-derivative of the absorbance spectrum were analyzed. Other
pretreatments were not tested. Small improvements in prediction
accuracies can be achieved with some spectral pretreatments (Del-
wiche and Reeves 2004), but generally pretreatments will result
in similar classification accuracies but with fewer factors. Statistics
used to determine the ability of NIR to predict specific parameters
were the coefficient of determination (R?) and standard error of
cross validation (SECV). When reporting results, only parameters
with R* > 0.70 were considered important. This value was selec-
ted because the ratio of the standard deviation of the reference
data to the SECV, which is similar to the RPD in Williams (2001),
is 2 when R? = 0.70. A smaller R? indicates predictions using
PLS will not be much better than predictions using the mean
value of the reference data alone. Similarly, higher R* values
indicate that NIR spectroscopy can predict quality parameters with
more accuracy. Williams (2001) indicated that R* = 0.70-0.90 is



suitable for rough screening, R* = 0.90-0.97 is suitable for
screening or quality control, R* = 0.97-0.99 is suitable for process
control, and larger values are suitable for most applications.

RESULTS

Comparison of NIR Spectrometers

When comparing R* and SECV values for the four spectro-
meters for ecach of the HRS and HRW grain and flour quality
predictions, the Foss 63500 had the highest R for 68 of the quality
predictions (Tables I-1V). The Foss 1241 had the highest R* for
46 of the quality predictions, followed by the Perten 7200 for 22
of the quality predictions, and the Cognis QTA for 14 of the
quality predictions. There were 36 quality factors predicted with
the same accuracy by two or more spectrometers.

There were no whole grain, flour, dough, or baking charac-
teristics that were consistently predicted more accurately by a
specific spectrometer, with the exception of flour color. The Foss

6500 had R* values for color a* and b* that were almost twice as
high as the other spectrometers (=0.96 when predicting flour color
from flour and ~0.70 when predicting flour color from whole
grain), which can be expected because it was the only spectrometer
that had a visible wavelength sensor in addition to an NIR sensor.
The Cognis FT-NIR with its interferometer and ability to measure
absorbance over very narrow wavebands did not show any advan-
tages in predicting quality factors when compared with the other
instruments. This is probably because the quality factors absorb
over broad regions in the NIR, therefore negating any benefit of
using the interferometer. The Foss 1241 with the narrowest wave-
length range had higher R values for more quality predictions
when compared with the Cognis and Perten instruments. Because
absorption overtones extend throughout the NIR region, perhaps
the simplicity of this instrument offsets the noise introduced when
using sensors that extend further into the NIR. A more complete
comparison and description of these spectrometers and their advan-
tages and limitations is reported by Armstrong et al (2006).

TABLE I
Summary of Partial Least Squares Regression Statistics for Predicting Grain, Flour and Baking Quality Characteristics
from Spectra from Four NIR Spectrometers (Hard Red Winter Wheat Whole Kernels)

Cognis FT-NIR Foss 1241 Foss 6500 Perten 7200

Quality Parameter R? SECV R? SECV R? SECV R3¢ SECV* R? SECV
Test weight, Ib/bu 0.69(7) 0.66 0.69(6) 0.66 0.74(6) 0.56 0.60(6) 0.60 0.72(10) 0.62
Grain protein content, 14% mb 0.98(10) 0.25 0.99(9) 0.18 0.97(12) 0.29 - - 0.98(9) 0.25
Grain moisture content, % 0.95(7) 0.19 0.96(8) 0.19 0.96(8) 0.18 0.95(8) 0.20 0.97(10) 0.16
Single kernel hardness index 0.38(10) 3.86 0.47(10) 3,51 0.46(10) 3.54 0.38(10) 3.65 0.39(8) 3.79
Single kernel moisture, % 0.93(7) 0.26 0.93(6) 0.26 0.92(10) 0.26 0.92(8) 0.27 0.94(5) 0.22
Single kernel dia, avg mm 0.68(6) 0.07 0.55(11) 0.08 0:71(8) 0.07 0.45(11) 0.07 0.71(6) 0.06
Flour protein content, 14% mb 0.92(9) 0.45 0.97(7) 0.29 0.97(12) 0.30 - - 0.97(10) 0.31

Falling number, sec 0.13(1) 105.5 0.21(9) 91.44 0.30(8) 86.16 0:22(9) 89.30 0.04(5) 100.9

Flour yield, extraction, % 0.37(6) 1.01 0.36(11) 1.00 0.34(6) 1.04 0.28(6) 1.03 0.39(5) 1.00
Wheat ash, 14% mb 0.43(8) 0.07 0.41(8) 0.07 0.43(8) 0.07 0.31(10) 0.07 0.33(5) 0.08
Flour ash, 14% mb 0.31(9) 0.03 0.27(8) 0.03 0.26(10) 0.03 0.24(10) 0.03 0.13¢4) 0.03
Polyphenol oxi, au/min/mL 0.45(7) 0.06 0.401(7) 0.06 0.51(6) 0.06 0.50(8) 0.05 0.41(7) 0.06
SDS sedimentation vol, mL 0.70(8) 2.36 0.70(11) 2.36 0.72(9) 2.31 0,25(10) 2,20 0.68(7) 247
Brightness (color L*) 0:35(5) 039 0.42(9) 0.37 0.21(2) 0.43 0.28(10) 022 0.33(5) 0.40
Red/green (color a*) 0.50(8) 0.16 0.45(8) 0.17 0.69(9) 0.13 0.59(12) 0.12 0.56(10) 0.15
Yellow/blue (color %) 0.30(8) 0:57 0.32(12) 0.57 0.66(13) 0.39 0.66(13) 0.39 0.36(10) 0.55
Gluten content, g/10 g of flour 0.92(10) 0.16 0.93(9) 0.14 0.88(10) 0.19 0.26(6) 0.14 0.92(10) 0.15
Average gluten index, % 0.27(4) 2.83 0.38(12) 2.65 0.51(12) 2.05 0.17(9) 2.62 0.40(9) 2.59
Flour size GMD, 50% vol, um 0.11(4) 2.32 0.25¢10) .1 0.31(10) 2.06 0.31¢10) 2.06 0.13(4) 2.30
Starch size GMD, 50% vol, um 0.14(5) 1,33 0.07(8) 1.63 0.16(3) 1.63 0.11(4) 1.57 0.09(5) 1.38
Soluble glutenins, mg 0.75(9) 0.42 0.77(8) 0.40 0.75(10) 0.42 0.19(7) 0.39 0.61(5) 0.51

Soluble gliadins, mg 0.85(9) 0.76 0.89(8) 0.64 0.86(10) 1.72 0.17(5) 0.65 0.88(10) 0.65
Insoluble glutenins, mg 0.85(9) 0.64 0.85(7) 0.65 0.84(10) 0.66 0.09(9) 0.62 0.84(10) 0.67
Total glutenins, mg 0.89(8) 0.76 0.93(7) 0.59 0.92(9) 0,64 0:12(6) 0.56 0.81(6) 1.02
Free lipids, % 0.08(2) 4.67 0.46(12) 3.61 0.08(2) 4.68 0.03(6) 4,70 0.001(1) 4.90
Polar lipids, % 0.14(5) 325 0.15(5) 3.16 0.18(4) 71 1 0.04(5) 3.02 0.07¢4) 4.46
Nonpolar lipids, % 0.05(2) 4.46 0.21(11) 3.94 0.05(1) 451 0.05(1) 4.51 0.001(1) 5.54
Mixograph absorption, % 0.92(7) 0.67 0.92(7) 0.69 0.90(9) 0.75 0.15(4) 0.64 0.91(7) 0.74
Mixo time, min 0.40(8) 0.53 0.44(9) 0.50 0.60(9) 043 0.42(10) 042 0.47(9) 0.49
Mixo tolerance score (0-6) 0.30(8) 0.78 0.26(12) 0.80 0.41(9) 0.71 0.42(4) 0.70 0.25(6) 0.79
Farinograph absorption, % 0.65(9) 1.35 0.65(12) 1.35 0.76(13) 1.12 0.51(14) 1.10 0.66(10) 1.32
Farino development time, min 0.32(8) 3.79 0.33(9) 393 0.23(6) 4.01 0.04(3) 3.75 0.36(9) 3.64
Farino stability, min 0.16(5) 3.76 0.30(14) 3.50 0.06(7) 4.03 0.04(3) 4.05 0.15(10) 3.92
Farino mixing tolerance, min 0.21(5) 10.12 0.24(10) 10.04 0.14(7) 10.71 0.02(4) 10.62 0.19(9) 10.31

Farino quality number 0.36(8) 47.39 0.34(9) 47.56 0.27(7) 50.18 0.13(2) 47.50 0.27(7) 49.19
Alveograph peak (P), mm 0.05(7) 15.20 0.20(11) 13.81 0.26(10) 13.34 0.22(10) 13.17 0.23(10) 13.74
Alveo length (L), mm 0.65(8) 18.47 0.69(7) 17.44 0.69(10) 17.45 0.10(10) 16.88 0.70(9) 17.33
Alveo swelling index, mL 0.64(7) 212 0.69(7) 1.94 0.72(10) 1.88 0.08(8) 1.86 0.73(10) 1.83
Alveo work, 10] 0.66(7) 48.60 0.69(9) 43.63 0.70(10) 4572 0.09(10) 44,28 0.69(8) 46.02
Alveo config ratio (P/L) 0.48(8) 0.42 0.47(7) 041 0.52(10) 0.40 0.05(7) 0.40 0.69(10) 0.32
Baking water absorption, % 0.48(9) 1.31 0.48(7) 1.28 0.37(6) 142 0.05(11) 1.25 0.43(8) 135
Baking mix time, min 0.37(8) 0.68 0.35(13) 0.70 0.41(9) 0.66 0.34(12) 0.63 0.38(9) 0.68
Crumb grain score (0-6) 0.27¢8) 0.58 0.14(6) 0.61 0.20(6) 0.59 0.08(16) 0.56 0.23(8) 0.58
Loaf volume, cm? 0.78(7) 39,27 0.81(7) 36.36 0.82(9) 36.11 0.05(5) 32.83 0.82(10) 35.85
Loaf specific vol, cm?/g 0.80(9) 0.25 0.80(9) 025 0.85(11) 0.22 0.05(9) 0.23 0.80(10) 0.24
Loaf vol potential, cm¥/% protein  0.35(8) 3.98 0.27(7) 4.20 0.22(3) 4.30 0.07(4) 4.08 0.25(5) 426

4 R? values > 0.70 shown in bold font.
 Numbers in parentheses after the R? values refer to the number of factors of the PLS model.

¢ After protein covariate removal.
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When spectra were preprocessed using a Savitzky-Golay first-
derivative, no advantage in R* or SECV values over using the ab-
sorbance spectra was seen in the ability to predict any quality
parameters (data not shown).

Predictions Using HRW Whole Kernel and Flour Spectra

When analyzing spectra from whole kernels, one or more spec-
trometers predicted HRW grain protein content, flour protein con-
tent, and grain moisture content with R>>0.97 (Table I). Average
single kernel moisture content, total gluten content, total glutenin
content, and mixograph absorption were predicted with R* > 0.90.
Test weight, average single kernel diameter, SDS sedimentation
volume, soluble and insoluble glutenin content, soluble gliadin con-
tent, farinograph absorption, alveograph length, alveograph swelling
index, alveograph work, loaf volume, and specific loaf volume
were predicted with R? values of ~0.70-0.90.

When analyzing flour spectra, one or more spectrometers
predicted HRW grain and flour protein content, and color 6* with

R*>0.97 (Table II). Color a*, total gluten content, total glutenin
content, and mixograph absorption were predicted with R* > 0.90.
The following attributes were predicted with R* of 0.70-0.90:
SDS sedimentation volume, soluble and insoluble glutenin content,
soluble gliadin content, alveograph length, alveograph swelling
index, alveograph work, loaf volume, and specific loaf volume.

Predictions Using HRS Whole Kernel and Flour Spectra

Results similar to HRW wheat were seen when predicting qual-
ity traits of HRS wheat. When analyzing spectra from whole kernels,
one or more spectrometers predicted grain and flour protein con-
tent, and grain moisture content with R? = 0.97 (Table III). Total
gluten content was predicted with R* > 0.90. The attributes pre-
dicted with R* of ~0.70-0.90 were test weight, average single
kernel moisture content, dark hard and vitreous kernels, average
single kernel diameter, color @* and b*, insoluble and total glutenin
content, mixograph absorption, farinograph quality number, baking
water absorption, loaf volume, and specific loaf volume.

TABLE I1
Summary of Partial Least Squares Regression Statistics for Predicting Grain, Flour and Baking Quality Characteristics
from Spectra from Four NIR Spectrometers (Hard Red Winter Wheat Flour)

Cognis FI-NIR Foss 1241 Foss 6500 Perten 7200
Quality Parameter R? SECV R SECV Rr? SECV R*c SECV® R? SECV
Test weight, 1b/bu 0.38(8) 0.94 043(6) 0.88 0.55(6) 0.79 0.34(5) 07T 0.47(6) 0.86
Grain protein content, 14% mb 0.95(4) 0,39 0.98(5) 0.25 0.98(5) 0.25 - - 0.98(6) 0.30
Grain moisture content, % 0.38(8) 0.73 0.30(12) 0.78 0.47(9) 0.67 0.46(9) 0.67 0.29(11) 0.81
Single kernel hardness index 0.29(8) 415 0.14(5) 4.45 0.47(8) 3.49 0.39(8) 3.59 0.30(3) 4.00
Single kernel moisture, % 0.45(8) 0.70 0.38(12) 0,76 0.53(8) 0.65 0:52(8) 0.66 0.32(12) 0.82
Single kernel dia, avg mm 0.43(8) 0.09 0.37(6) 0.10 0.54(11) 0.08 0.27(11) 0.08 0.40(6) 0.09
Flour protein content, 14% mb 0.96(7) 0.35 0.99(7) 0,21 0.98(6) 0.22 —~ - 0.99(8) 0.20
Falling number, sec 0.08(10) ~ 105.7 0.08(8) 100.0 0.14(6) 95.83 0.10(6) 96.11 0.01(3) 117
Flour yield, extraction, % 0.27(10) [.14 0.40(11) 1.00 0.36(6) 1.02 0.32(6) 1.01 0.24(10) 1.18
Wheat ash, 14% mb 0:36(9) 0.08 0.18(7) 0.09 0.24(7) 0.08 0.10(9) 0.09 0.31(8) 0.08
Flour ash, 14% mb 0.56(10) 0.02 0.14(12) 0.03 0.34¢10) 0.03 0.29(10) 0.03 0.35(8) 0.02
Polyphenol oxi, au/min/mL 0.41(10) 0.06 0:24(10) 0.07 0.33(6) 0.07 0.21(3) 0.07 0.32(8) 0.07
SDS sedimentation vol, mL 0:67(4) 2.49 0.70(7) 239 0.69(3) 2,42 0.11(4) 287 0.70(4) 2.36
Brightness (color L*) 0.31(7) 0.41 0.40(6) 0.37 0.32(4) 0.40 0.27(10) 0.20 0.37(10) 0.40
Red/green (color a*) 0.41(9) 0.18 0.47(11) 0.17 0.96(7) 0.05 0:94(10) 0.05 0.53(12) 0.16
Yellow/blue (color b*) 0:31(9) 0.58 0.51(12) 0.48 0.97(7) 0.11 0.97(7) 0.11 0.48(12) 0.49
Gluten content, g/10 g of flour 0.91(6) 0.16 0.95(10) 0.12 0.93(5) 0.14 0.14(3) 0.15 0.94(9) 0.13
Average gluten index, % 0.33(3) 2.69 0.42(10) 2.53 (0.50(3) 2:02 0.36(5) 2.22 0.40(7) 2.55
Flour size GMD, 50% vol, pum 0.58(8) 1.5¢ 0:40(7) 1.90 0.60(2) 1.55 0.58(2) 155 0.51(5) 1.71
Starch size GMD, 50% vol, pm 0.11(2) 1.34 0.05(3) 1.39 0.09(1) 1.36 0.03(6) 1.68 0.11(1) 1.34
Soluble glutenins, mg 0.75(4) 0.41 0.78(8) 0.39 0.78(8) 0.39 0.17(9) 0.40 0.79(3) 0.38
Soluble gliadins, mg 0.84(6) 0.77 0.89(7) 0.64 0.86(5) 0.71 0.16(9) 0.67 0.88(7) 0.67
Insoluble glutenins, mg 0.82(5) 0.71 0.83(7) 0.68 0.86(4) 0.63 0.13(7) 0.60 0.86(4) 0.63
Total glutenins, mg 0.91(4) 0.68 0.93(6) 0.62 0.96(5) 0.48 0.15(8) 0.55 0.95(5) 0.53
Free lipids, % 0.21(9) P57 0.48(11) 3.57 0.61(13) 3.07 0.58(13) 3.04 0.28(8) 4.26
Polar lipids, % 0.14(4) e/ 0.23(6) 3.00 0.16¢4) 3.14 0.04(2) 3.20 0.14(3) 3.18
Nonpolar lipids, % 0.16(5) 4.97 0:22(11) 3.93 0.33(13) D72 0.33(13) 372 0.13(10) 4.36
Mixograph absorption, % 0.92(3) 0.68 0.95(7) 0.35 0.93(5) 0.63 0.03(3) 0.72 0.92(4) 0.67
Mixo time, min 0.35(10) 0.56 0.36(10) 0.54 0.54(5) 0.45 0.43(6) 0.42 0.35(3) 0.54
Mixo tolerance score (0-6) 0.26(9) 0.83 0.28(14) 0.80 0.45(5) 0.67 0.46(5) 0.67 0.22(3) 0.81
Farinograph absorption, % 0.63(11) 1.40 0.69(12) 1.26 0.63(6) 1.37 0.32(11) 1.31 0.67(12) 1.32
Farino development time, min 0.29(3) 3.81 0.38(5) 3.56 0.29(2) 3.81 0.14(2) 3.83 0.37(3) 3.60
Farino stability, min 0.13(9) 4.15 0.06(5) 3.99 0.06(2) 3.97 0.03(2) 3.97 0.15(8) 3.90
Farino mixing tolerance, min 0.11(9) 11.74 0.17(7) 10.39 0.06(2) 11.05 0.04(2) 10.98 0.13(8) 11.11
Farino quality number 0.35(5) 46.85 0.37(5) 46.02 0.31(2) 48.37 0.07(2) 48.37 0.39(9) 46.49
Alveograph peak (P), mm 0.04(3) 15.06 0.11(8) 14.54 0.24(10) 13.72 0.06(2) 14.19 0.07(3) 14.66
Alveo length (L), mm 0.72(7) 16.55 0.71(7) 16.83 0.71(3) 16.91 0.09(2) 16.39 0.71(3) 16.50
Alveo swelling index, mL 0.71(6) 1.88 0.72(8) 1.86 0.73(4) 1.84 0.08(2) 1.81 0.73(3) 1.82
Alveo work, 10 1] 0.70(5) 45.69 0.70(7) 45.63 0.75(3) 41.68 0.05(4) 44.26 0.70(4) 45.54
Alveo config ratio (P/L) 0.56(9) 0.38 0.50(8) 0.40 0.58(7) 0:32 0.16(7) 0.37 0.50(5) 0.40
Baking water absorption,% 0.51(4) 1.24 0.52(5) 1.23 0.53(4) 1.22 0.01(2) 1.30 0.54(8) 1.21
Baking mix time, min 0.20(5) 0.77 0.38(10) 0.68 0.40(3) 0.66 0.23(3) 0.68 0.38(10) 0.69
Crumb grain score (0-6) 0.19(3) 0.59 0.32(10) 0.55 0.34(2) 0.54 0.12(3) 0.54 0.21(5) 0.59
Loaf volume, ¢cm? 0.78(6) 39.85 0.87(6) 30.25 0.83(5) 35.16 0.02(3) 3591 0.83(4) 34.66
Loaf specific vol, cm?/g 0.77(7) 0.27 0.84(6) 0.22 0.80(5) 0.25 0.01(3) 0.25 0.80(4) 0.25
Loaf vol potential, cm¥/% protein 0.40(9) 3.87 0.45(10) 3.64 0.33(7) 4.03 0.01(2) 4,22 0.41(8) 3.79

4 R? values > 0.70 shown in bold font.

Y Numbers in parentheses after the R* values refer to the number of factors of the PLS model.

¢ After protein covariate removal.
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When analyzing spectra from flour, one or more spectrometers

' predicted HRS grain and flour protein content, and color b* with

R* > 0.97 (Table 1V). Color a* and total gluten content were
predicted with R* > 0.90. The attributes predicted with R? of
~0.70-0.90 were test weight, flour particle size, insoluble glutenin
content, total glutenin content, free lipid content, mixograph and
farinograph water absorption, baking water absorption, loaf vol-
ume, and specific loaf volume.

Influence of Protein Content on Predictions
While NIR spectroscopy shows potential to predict various

HRW and HRS quality attributes, many of these attributes are
- correlated to protein content. Of those parameters predicted with

R? > 0.70 for either HRW or HRS wheat, total gluten content,
insoluble glutenin content (HRW), total glutenin content, soluble
gliadin content (HRW), mixograph absorption, loaf volume, and
specific loaf volume were correlated to protein content with r >

0.90. SDS sedimentation volume, soluble glutenin content (HRW),
insoluble glutenin content (HRS), alveograph length, alveograph
swelling index, and alveograph work (HRW) were correlated to
protein content with » > 0.80. Test weight, average single kernel
diameter, baking water absorption, alveograph work (HRS), and
farinograph absorption were correlated to protein content with r >
0.70. The remaining parameters of moisture content, color a* and
b*, flour particle size, lipid content, and dark hard and vitreous
kernels showed no significant correlation to protein content.

When the influence of protein content was removed from the
HRW grain and flour analyses, the only constituents predicted
with R? = 0.70 were moisture content predicted from grain spectra,
and color a* and b* values from flour (Tables I and II). Most
constituents had R? values reduced to <0.20 when the influence of
protein content was removed.

When the influence of protein content was removed from the
HRS grain and flour analyses, the only constituents predicted

TABLE IIL
Summary of Partial Least Squares Regression Statistics for Predicting Grain, Flour and Baking Quality Characteristics
from Spectra from Four NIR Spectrometers (Hard Red Spring Wheat Whole Kernels)

Cognis FT-NIR Foss 1241 Foss 6500 Perten 7200
Quality Parameter R? SECV R? SECY R? SECV R2c SECV¢ R? SECV
Test weight, 1b/bu 0.85(8) 0.65 0.62(9) 1.05 0.89(12) 0.56 0.73(12) 0.63 0.84(10) 0.68
Grain protein content, 14% mb 0.98(10) 022 0.99(9) 0.20 0.97(12) 029 - - 0.98(10) 023
Grain moisture content, % 0.89(7) 0.36 0.98(7) 0.17 0.93(6) 0.28 0.92(6) 0.29 0.94(8) 0.25
Dark hard vitreous, % 0.79(8) 7.78 0:77(12) 8.18 0.84(8) 6.85 0.79(6) 7.48 0.79¢(7) 7.89
Single kernel hardness index 05001 1) 3.42 0.41(12) 3.76 0.57(12) 318 0.52(12) R37 0.49(11) 3.50
Single kernel moisture, % 0.81(6) 0.45 0.81(10) 0.45 0.84(6) 0.41 0.82(6) 0.42 0.84(5) 0.41
Single kernel dia, avg mm 0.68(8) 0.08 0.68(11) 0.08 0.70¢10) 0.08 0.45(10)  0.08 0.70(7) 0.08
Flour protein content, 14% mb 0.97(10) 0.26 0.98(8) 0.24 0.97(12) 0.26 - - 0.98(9) 0.24
Falling number, sec 0.40(8) 63.65 0.43(7) 61.49 0.43(9) 61.72 0.39(7) 62.00 0.37(7) 64.76
Flour yield, extraction, % 0.42(10) 1.62 0.63(12) 1.2 0.54(12) 1542 0.35(12) 1.42 0.53(10) 1.41
Wheat ash, 14% mb 0.47(9) 0.08 0.37(T) 0.09 0.4 0.08 037(7) 0.08 0.45(9) 0.08
Flour ash, 14% mb 0.43(7) 0.03 0.34(13) 0.03 0.38(8) 0.03 0.29(7) 0.03 0.37(11) 0.03
Polyphenol oxi, au/min/mL 0.44(5) 0.06 0.51(13) 0.06 0.46(10) 0.07 0.32(5) 0.07 0.52(11) 0.06
SDS sedimentation vol, mL 0.02(6) 4.63 0.01(3) 4.67 0.05(6) 4,58 0.02(6) 4.56 0.01(3) 471
Brightness (color L*) 0.28(10) 0.37 0.11(6) 0.40 0.35(11) 0.35 0.31(8) 0.23 0.27(9) 0.37
Red/green (color a¥) 0.63(8) 0.14 0.63(12) 0.14 0.70(11) 0.12 0.62(11) 0,11 0.60(9) 0.14
Yellow/blue (color %) 0.58(6) 0.45 0.50(12) 0.42 0.73(12) 0.36 0.72(12) 0.36 0.67(11) 0.41
Gluten content, g/10 g of flour 0.86(8) 0.16 0.90(7) 0.14 0.87(10) 0.15 0.39(3) 0.13 0.90(8) 0.13
Average gluten index, % 0.15(2) 3.66 0.17(2) 3.61 0.13(3) 3,72 0.11(4) 3.66 0.17(4) 3.63
Flour size GMD, 50% vol, um 0.49(12) 1.78 0.45¢10) 1.84 0.60(12) 1.57 0.43(9) 1.87 0.46(9) 1.82
Starch size GMD, 50% vol, um 0.31¢5) 1.43 0.30(7) 1.44 0.35(1) 1.42 0,08(2) 1.38 0.44(11) 131
Soluble glutenins, mg 0.13(6) 0.70 0.13(6) 0.70 0.11(5) 0.70 0.08(2) 0.67 0.16(6) 0.68
Soluble gliadins, mg 0.33(8) 2.04 0.36(6) 1.97 0.20(6) 2.23 0.01(5) 2.01 0.21(5) 2.19
Insoluble glutenins, mg 0.78(8) 0.85 0.76(10) 0.89 0.76(10) 0.90 0.07(3) 0.77 0.38(7) 1.45
Total glutenins, mg 0.81(8) 0.88 0.82(7) 0.86 0.76(9) 1.00 0.01(7) 0.80 0.61(9) 1.29
Free lipids, % 0.40(4) 4.89 0.48(10) 4.53 0.50(9) 4.47 0.47(8) 4.39 0.66(10) 3.68
Polar lipids, % 0.27(8) 375 0.32(3) 3.55 0.30(5) 3.59 0.27(8) 3.55 0.45(11) 3.25
Nonpolar lipids, % 0.36(2) 3.94 0.36(7) 3.97 0.39(7) 3.88 0.37(7) 3.90 0.49(10) 3.56
Mixograph absorption, % 0.86(8) 0.79 0.86(7) 0.80 0.85(11) 0.83 0.06(5) 0.78 0.89(9) 0.69
Mixo time, min 0.63(8) 0.59 0.62(12) 0.61 0.66(8) 052 0.43(4) 0.60 0.61(7) 0.61
Mixo tolerance score (0-6) 0.51(8) 0.78 0.54(8) 0.77 0.58(6) 0.72 0.48(5) 0.72 0.52(8) 0.77
Farinograph absorption, % 0.66(11) 1.37 0.66(10) 1.35 0.66(10) 1.35 0.32(9) 1.39 0.69(10) 1.34
Farino development time, min 0.607(8) 3.98 0.60(12) 4.38 0.65(8) 4.07 0.35(7) 3.93 0.60(9) 4.39
Farino stability, min 0.35(8) 3.54 0.50¢12) 3.10 0.43(8) 3.16 0.43(8) 3.01 0.46(4) 3.19
Farino mixing tolerance, min 0.21(9) 8.65 0.14(6) 8.87 0.29(8) 8.12 0.19(8) 8.04 0.27(10) 8.40
Farino quality number 0.66(8) 41.35 0.67(12) 41.61 0.73(10) 37.33 0.50(8) 35:7 0.68(9) 40.30
Alveograph peak (P), mm 0.03(3) 722 0.17(11) 16.30 0.39(10) 13.84 0.25(8) 1521 0.21(12) 16.25
Alveo length (L), mm 0.42(10) 19.80 0.40(10) 19.13 0.51¢10) 17.85 0.21(8) 18.25 0.43(10) 19.37
Alveo swelling index, mL 0.41(10) 2.00 0.41(10) 1.97 0.52(10) 1.79 0.21(8) 1.82 0.36(7) 2.04
Alveo work, 107*] 0.44(7) 79.64 0.44(6) 79.04 0.46(6) T7.37 0.05(2) 74.66 0.46(7) 77.21
Alveo config ratio (P/L) 0.27(10) 0.29 0.26(10) 0.29 0.48(10) 0.24 0.28(11) 0.26 0.34(11) 0.27
Baking water absorption,% 0.70(8) 0.95 0.67(9) 0.99 0.68(10) 0.97 0.32(2) 1.04 0.70(10) 0.96
Baking mix time, min 0.56(7) 0.87 0.50(12) 0.89 0.5%7) 0.78 0.44(7) 0.83 0.57(6) 0.86
Crumb grain score (0-6) 0.31(9) 0.55 0.21(3) 0.57 0.17(2) 0.59 0.15(2) 0.59 0.19(4) 0.58
Loaf volume, cm? 0.79(8) 40.56 0.79(8) 40.58 0.77(9) 42.82 0.01(4) 37.68 0.79(7) 40.60
Loaf specific vol, cm?/g 0.76(8) 0.28 0.77(11) 0.28 0.73(9) 0.30 0.01(4) 0.26 0.78(8) 0.27
Loaf vol potential, cm?/% protein 0.11(4) 3.46 0.18(6) 3.32 0.06(6) 3.65 0.01(4) 3.41 0.14(5) 3.40

4 R values > 0.70 shown in bold font.

b Numbers in parentheses after the R? values refer to the number of factors of the PLS model.

¢ After protein covariate removal.
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with R? > 0.70 were test weight, moisture content, dark hard and
vitreous kernels, and color 5* predicted from grain spectra, and

~ color L*, a* and b* values, flour particle size, and free lipids

predicted from flour spectra (Tables III and IV). As with HRW
results, most constituents R? values were reduced to <0.20, which
shows the strong influence of protein content on the ability of
NIRS to predict many quality parameters.

Comparison of Predictions from Whole Kernels or Flour

Grain protein content was predicted from flour spectra with good
accuracy (R* = 0.98), but that is because grain and flour protein
content are highly correlated (r = 0.99). Except for HRS test
weight, which could be predicted from flour spectra with R? =
0.74, no other grain characteristics could be predicted from flour
spectra. There may be occasions when a miller or baker may wish
to determine whole kernel characteristics from good or bad
performing flour so similar grain lots can be obtained, or avoided.

However, these results show it is difficult to determine grain char-
acteristics from flour. As expected, most flour, dough, and baking
parameters were predicted more accurately, or with similar accu-
racy, when using the flour spectra than when using whole kernel
spectra. Exceptions were that some farinograph and mixograph
parameters had slightly greater R? values when predicted from
whole kernel spectra than from flour spectra.

DISCUSSION

Measuring protein content in grain and flour has been a suc-
cessful application of NIRS because it has very strong and broad
absorption bands throughout the NIR region (Williams 2001) and
is a major wheat component. This is not the case for many other
biochemical components that affect other grain quality attributes
because they may be present in very small quantities and addi-
tionally highly correlated to protein content, as shown in this

TABLE 1V
Summary of Partial Least Squares Regression Statistics for Predicting Grain, Flour and Baking Quality Characteristics
from Spectra from FourNIR Spectrometers (Hard Red Spring Wheat Flour)

Cognis FT-NIR Foss 1241 Koss 6500 Perten 7200
Quality Parameters R? SECVY R? SECV R? SECV R« SECV* R? SECV
Test weight, 1b/bu 0.67(9) 0.97 0.66(11) 0.99 0.74(8) 0.86 0.40(8) 0.89 0.66(7) 0.99
Grain protein content, 14% mb 0.98(7) 0.24 0.99(10) 0.19 0.98(7) 0:23 - - 0.98(9) 0.26
Grain moisture content, % 0.40010) 0.85 0.43(12) 0,82 0,40(9) 0.83 0.39(8) 0.84 0.32(8) 0.90
Dark hard vitreous, % 0.34(8) 13.97 0.45(5) 12.67 0.45(5) 1267 0.39(5) 12.70 0.37(6) 13.58
Single kernel hardness index 0.42(10) 3.68 0.31(12) 4.08 0.40(4) 3.69 0.39(4) 371 0.19(3) 4,29
Single kernel moisture, % 0.43(10) 0.80 0.35(11) 0.85 0.34(9) 0.85 0.29¢10) 0.86 0.38(8) 0.83
Single kernel dia, avg mm 0.51(3) 0.10 0.58(12) 0.09 0:55(4) 0.09 0.23(3) 0.09 0.56(7) 0.09
Flour protein content, 14% mb 0.99(3) 0.15 0.99(7) 0.16 0.99(4) 0.16 — - 0.99(7) 0.16
Falling number, sec 0.23(6) 71.64 0.37(4) 64.71 0.43(6) 61.39 0:39(6) 62.01 0.37(6) 64.94
Flour yield, extraction, % 0.53(7) 4% 0.58(12) 1.34 0.63(9) 1.24 0.52(9) 1.22 0.56(8) 1.37
Wheat ash, 14% mb 0.32(10) 0.09 0.35(12) 0.09 0.32(12) 0.09 0.11(11) 0.10 0.20(8) 0.10
Flour ash, 14% mb 0.46(7) 0.03 0.47¢10) 0.03 0.41(8) 0.03 0.38(8) 0.03 0.40(8) 0.03
Polyphenol oxi, au/min/mL 0.27(8) 0.08 0.31(10) 0.07 0,26(9) 0.08 0.15(9) 0.08 0.25(10) 0.08
SDS sedimentation vol, mL 0.30(6) 2.36 0.05(4) 4.54 0.04(3) 457 0.01(2) 4.51 0.06(4) 4.56
Brightness (color L*) 0.40(9) 0.32 0.40(11) 0.33 0.49(7) 0.30 0.75(5) 0.14 0.43(6) 0.32
Red/green (color a¥) 0.61(8) 0.14 0.60(12) 0.14 0.96(6) 0.04 0.90(6) 0,06 0.57(8) 0.15
Yellow/blue (color b*) 0.49(10) 0.50 0.38(12) 0.56 0.97(6) 0.12 0.97(6) 0.13 0.35(8) 0.59
Gluten content, g/10 g of flour 0.91(9) 013 0.91(8) 0.13 0.90(5) 0.13 0.45(6) 0.13 0.91(7) 0.13
Average gluten index, % 0.15(8) 3.78 0.16(12) 3.83 0.17(2) 3.63 0.17(3) 3.59 0.16(5) 3.67
Flour size GMD, 50% vol, mm 0.70(3) 1.3 0.72(8) 1.88 0.78(11) 116 0.77(11) 1.17 0.72(6) 1.31
Starch size GMD, 50% vol, mm 0.38(7) 1.26 0.24(4) 1.49 0.36(6) 1.38 0:24(9) 1.29 0.26(4) 1.48
Soluble glutenins, mg 0.07(3) 0.73 0.04(4) 0.73 0.09(4) 071 0.09(7) 0.68 0.10(3) 0.70
Soluble gliadins, mg 0.34(5) 1.99 0.33(5) 2.04 0.30(3) 2.06 0.02(3) 2.08 0.29(3) 2.06
Insoluble glutenins, mg 0.81(10) 0.79 0.78(6) 0.81 0.86(7) 0.68 0.02(3) 0.81 0.80(3) 0.82
Total glutenins, mg 0.82(7) 0.85 0.86(7) 0.76 0.88(7) .71 0.05(3) 0.82 0.86(5) 0.75
Free lipids, % 0.52(10) 457 0.,74(12) 3.24 0.73(11) L, 0.71(11) 3.27 0.60(9) 4.11
Polar lipids, % 0.35(7) 3.60 0.35(5) 351 0.35(6) 357 0.28(6) 347 0.52(8) 3.03
Nonpolar lipids, % 0.22(9) 524 0:44(11) 374 0.37(11) 4.04 0.37(11) 4.05 0.35(11) 4.16
Mixograph absorption, % 0.88(3) 0.74 0.88(7) 0.72 0.88(4) 0.73 0.01(2) 0.72 0.87(5) 0.78
Mixo time, min 0.53(8) 0.69 0.66(12) 0.58 0.67(7) 0.57 0.47(8) 0.58 0.64(4) 0.59
Mixo tolerance score (0-6) 0.65(10) 0.66 0.58(12) 0.72 0.55(7) 0.75 0.41(8) 0.76 0.58(5) 0.72
Farinograph absorption, % 0.64(7) 1.39 0.75(10) 1:15 0.58(7) 1.50 0.32(9) 1.39 0.62(6) 1.42
Farino development time, min 0.60(8) 4.36 0.59(12) 447 0.67(9) 3.95 0.28(7) 4,14 0.62(6) 4.23
Farino stability, min 0.44(9) 3.29 0.43(9) 3.26 0.38(6) 3.41 0.24(4) 345 0.43(5) 3.26
Farino mixing tolerance, min 0.22(5) 8.50 0.22(4) 8.38 0.14(3) 8.82 0.02(2) 8.72 0.19(7) 8.78
Farino quality number 0.66(9) 42,21 0.58(7) 45.97 0.65(8) 42.41 0.36(11) 41.17 0.68(6) 40.37
Alveograph peak (P), mm 0.31(8) 14.77 0.41(10) 13.39 0.21(9) 15.83 0.22(9) 15:73 0.30(10)  15.30
Alveo length (L), mm 0.62(9) 15.66 0.66(11) 14.77 0.60(9) 16.02 0.37(9) 16.10 0.53(6) 1727
Alveo swelling index, mL 0.60(7) 1.62 0.65(10) 1.51 0.62(9) 1.58 0.37(9) 1.61 0.55(6) 1.71
Alveo work, 10~*] 0.49(2) 74.84 0.49(6) 75.02 0.52(3) 7242 0.08(3) 72.50 0.50(8) 75.94
Alveo config. ratio (P/L) 0.50(8) 0.23 0.54(10) 0.22 0.48(9) 0.24 0.32(9) 0.24 0.50(10) 0.23
Baking water absorption,% 0.63(3) 1.05 0.74(9) 0.87 0.65(5) 1.03 0.06(3) 1l 0.64(6) 1.04
Baking mix time, min 0.42(5) 1.01 0.55(13) 0.89 0.61(7) 0.82 0.44(8) 0.83 0.56(5) 0.87
Crumb grain score (0-6) 0.19(5) 0.59 0.19(2) 0.58 0.14(8) 0.61 0.16(8) 0.61 0.19(9) 0.62
Loaf volume, cm? 0.82(3) 36.64 0.83(7) 36.59 0.83(4) 3598 0.01(4) 37.47 0.82(5) 37.44
Loaf specific vol, cm¥/g 0.80(4) 0.25 0.80(7) 0.26 0.80(4) 0.26 0.02(4) 0.26 0.78(5) 0.27
Loaf vol potential, cm?:9 protein 0.16(3) 3.40 0.12(6) 3.44 0.17(4) 3.35 0.01(3) 3.27 0.147) 3.51

2 R? values > 0.70 shown in bold font.

" Numbers in parentheses after the R? values refer to the number of factors of the PLS model.

¢ After protein covariate removal.
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study. Thus, it is difficult to measure these attributes using NIRS
independent of their correlation to protein content. One exception
is particle size analysis by NIRS because absorption increases
with an increase in particle size (Approved Method 39-70A, near-

| infrared reflectance method for hardness determination in wheat)

(AACC International 2000), and Tables I-IV show that particle
size predictions are not influenced by the removal of protein
content from prediction models.

Results obtained by Pawlinsky and Williams (1998) when scan-
ning whole kernels to predict protein content, gluten content, and
mixograph time were similar to those obtained in this study, but
their R* values for farinograph parameters were higher than

| obtained in this study. Their better results may be because their

samples were from pure cultivars grown at one location. Millar
(2003) reported an R* value for protein content measured from
whole grain that was similar to that reported here (R* = 0.99 vs.
0.97), but their water absorption and loaf volume R? values were
much lower (0.68 vs. 0.90 for water absorption and 0.41 vs. 0.80
for loaf volume). When predicting these same parameters from
flour, Millar (2003) reports protein content predictions that are
similar to those achieved in this study (R* = 0.99), but farinograph

| water absorption predictions were higher (R%= 0:93 vs. 0.58-

0.63), and loaf volume predictions were lower (R? =.0.62vs.

| 0.83) than values reported here. Their samples had a much nar-

rower range in quality when compared with the range of those
used in this study, with the protein content and loaf volume
ranges being only about half the range of samples in the study
reported here.

Delwiche et al (1998) reported HRW R? values for predicting
protein content that were similar to those reported here (0.99 vs,
0.97). The absolute amount of gliadins and glutenins is well
correlated to protein content (Bean et al 1998; Delwiche et al
1998), and after the influence of protein- content was removed
from the predictions by Delwiche et al (1998), R* values, although
poor, were similar or higher than those reported here for HRW
wheat (0.53 vs. 0.17 for gliadins, 0.41 vs. 0.09 for glutenin
content, 0.54 vs. 0.46 for mix time, and 0.45 vs. 0.42 for mix
tolerance). Thus it may be possible to predict the quantity of
gliadins and glutenins using NIRS only because of the correlation
to protein content. The Delwiche et al (1998) sample set had a
wider range of protein content (6.8-20.1% ys.9.2-15.8%) and
mixograph time (1.6-7.5 min vs. 2.5-6:1 min)-than in this study.
These statistics reported by Delwiche et al (1998) may be better
than some of those reported here because their sample set con-
sisted of pure cultivars grown in one region, whereas the com-
mercial samples and blends used in this study were obtained from
throughout the United States. These commereial samples include
environmental influences and blends that may mask differences in
protein quality. Protein quality measurements (quantity of gliadins
and glutenins) by NIRS may be applicable to breeding programs
as stated by Delwiche et al (1998) but may not be attainable on
commercial samples.

Sissons et al (2006) showed the correlation of protein content
to durum quality measurements but removed the influence of
protein content only from the predictions of test weight and pasta
firmness. The R? value for test weight of ~0.90 was much higher
than the best value of 0.73 obtained in our research. This may be
because their samples consisted of pure breeding lines.

Delwiche and Weaver (1994) reported similar R? (=0.65) for
baking water absorption as achieved in our research but much
lower values for mix time (R* = 0.25 vs. 0.61). Williams et al
(1988) reported baking absorption, farinograph absorption, protein
content, loaf volume, and alveograph work R® values similar to
those obtained in this research. However, their farinograph sta-
bility R? values were much higher than ours (0.73 vs. 0.38). This
may be due to their samples containing a much wider range in
strength values because they were selected specifically based on
strength parameters and included hard and soft wheat. Rubenthaler

and Pomeranz (1987) predicted loaf volume of HRW wheat flours
with similar accuracy as in this study, but their mix time and ab-
sorption R? values were much higher (0.72 vs. 0.40 for mix time
and 0.81 vs. 0.53 for absorption). This may be due to the small
number of unique samples analyzed by Rubenthaler and Pomeranz
(1987). They analyzed 173 subsamples but these were mostly repli-
cates from only 19 original samples.

Hruskova et al (2001) reported that no farinograph character-
istics were predicted from NIR spectra with R? < 0.40, which they
achieved with water absorption. The farinograph water absorption
was predicted in our research with an R? of =0.70. Hruskova and
Smejda (2003) did not achieve R* = 0.25 for any alveograph
measurements, possibly due to their small sample sizes. In this
study, we achieved HRW R? values of ~0.70 for alveograph length,
swelling index, and work. Hruskova and Famera (2003) reported
Zeleny sedimentation R? of 0.11-0.50 when predicted from flour
NIR spectra, whereas we achieved R? values of ~0.20-0.70 in our
studies.

This research did not attempt to predict starch damage using
NIRS. However, Osborne et al (1982) used NIRS to predict starch
damage as measured by the Farrand method with a SEP = 3.2.
Morgan and Williams (1995) used NIRS to predict starch damage
with SEP. = 3 and R*> = 0.92. However, Finney et al (1988)
showed a-high correlation (r = 0.89) between hardness and
damaged-starch, and this relationship was further reviewed by
Pomeranz (1988). Thus, since damaged starch is not chemically
different from undamaged starch, NIRS likely predicts starch
damage because of correlations of starch damage to factors that
have absorption bands.in the NIR region.

The precision of the reference methods affects the potential for
using NIRS to predict-flour and grain attributes. The reference
method precision for those characteristics predicted with R* >
0.70 are discussed below. Williams (1975) reported that the mois-
ture content reference method (Approved Method 44-15A, mois-
ture-air oven method) (AACC International 2000) standard error
was 0.069%. The SECV results reported here were 0.20-0.29%
for predicting grain moisture content and 0.27-0.42% for predic-
ting single kernel moisture content. These samples had equilibrated
to ~11% moisture content; with' a standard deviation between
samples of ~1%. Thus, while the SECV was several times higher
than the reference error, a lower NIR error may be achieved with
a wider range of moisture content. Williams (1975) reported that
the protein content reference method (Approved Method 46-10,
crude protein -improved - Kjeldahl method) standard error was
0.098%. The SECV results reported here were 0.16-0.30%. Thus,
protein content was predicted with an error of 2-3x that of the
reference method. Oliveret al (1992) reported standard deviations
for L*, a*, and b* of 0.48, 0.12, and 0.78, respectively, when
measuring 33 white flours. The reproducibility should be less than
these values. The flour SECV values of 0.14-0.20, 0.05-0.06, and
0.11-0.13 for L*, a*, and b*, respectively, indicate that the Foss
6500 is predicting color values with accuracies better than those
reported previously.

This research showed that the free lipid reproducibility using
two replicates per sample was =1.70% (data not shown), which
agrees with repeatability reported by Hubbard et al (2004) of
22%. The NIR prediction SECV was 3.20% for HRS flour. Thus,
the error for predicting free lipids using NIRS was about twice that
of the reference method. All other lipid predictions were poor.

For flour particle size predictions, the reproducibility of our
laser diffraction reference method was 0.336 um (average standard
deviation of two replicates from 99 samples) and CV = 0.4%.
Hareland (1994) reported that the sieving reference method had a
standard deviation = 7.2 um and coefficient of variation (CV) of
8.9% for our approximate particle size range, and that the laser
diffraction method had a standard deviation =3.8 pm and CV =
4.5%. They also used NIRS to predict flour particle size with a
CV = 1.3% and SECV = 1.1 um. These results agree with our
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HRW CV = 1.3% and SECV = 1.17 pm. Thus, NIRS can be used
to predict HRS flour particle size with accuracies similar to
reference methods reported previously, but 3—4x higher than the
reproducibility of the reference method used in this research.

HRS dark hard and vitreous kernel predictions had a SECV =
7.48%, which is about twice the standard deviation of 3.5 reported
by Xie et al (2004) for detecting vitreous kernels in durum wheat.
HRS test weight SECV was 0.63 Ib/bu and was less than the
standard error of 1.20 Ib/bu for replicates reported by Troccoli
and di Fonzo (1999). This lower NIRS error was unexpected and
shows that the error in predicting test weight using NIRS is less
than the error in measuring test weight in replicated samples. The

| HRW test weight error was similar in magnitude to the HRS

error, but the HRW R? value was only 0.60.

While other researchers have reported the application of NIRS
to predict various quality attributes, this is the first attempt to
predict multiple whole grain, flour, dough, and bake quality attri-
butes from whole grain, and then the same attributes from flour
from the same samples. Most results agree with previous re-
searchers. However, this is the first report of using NIRS to
predict SDS sedimentation volume and alveograph parameters
from whole grain.

NIRS shows the potential for using spectra from whole kernels
for predicting protein content and bulk moisture content. with
accuracies suitable for process control (R* > 0.97). Test-weight,
average single kernel diameter and moisture content, SDS sedimen-
tation volume, color a* and b* walues, total gluten content,
soluble gliadin content, soluble and insoluble glutenin content,
total glutenin content, mixograph water absorption, farinograph
water absorption, farinograph guality number; alveograph length,
alveograph swelling index, alveograph work, loaf volume, speci-
fic loaf volume, baking water absorption, and dark hard and vitre-
ous kernels had accuracies suitable for rough screening (R* = 0.70).

NIR spectra from flour can predict protein content and b* value
with accuracies suitable for process. control. NIR spectra from
flour can predict test weight, coloria®, total gluten content, solu-
ble gliadin content, soluble and insoluble glutenin contents, total
glutenin content, flour particle size, free lipid content, mixograph
and farinograph water absorption, alveograph length, alveograph
swelling index, alveograph work, baking ‘water absorption, loaf
volume, specific loaf volume, and SDS sedimentation volume
with accuracies suitable for rough screening. However, when the
influence of protein content on prediction models is removed,
very few quality attributes could be predicted with accuracy, even
for rough screening.
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Highly Accurate in Vivo Terahertz Spectroscopy
of Healthy Skin: Variation of Refractive Index and
Absorption Coefficient Along the Human Body

Kirill 1. Zaytsev, Arseniy A. Gavdush, Nikita V. Chernomyrdin, and Stanislav O. Yurchenko

Abstract—A method to reconstruct the terahertz (THz) refrac-
tive index and absorption coefficient of in vivo tissue using THz
pulsed spectroscopy (TPS) has been proposed. The method utilizes
a reference THz window to fix the sample of interest during the
TPS reflection mode measurements. Satellite pulses caused by mul-
tiple THz-wave reflections in the reference window aretaken into
account to accurately solve the inverse problem. The stability of the
proposed method in the presence of various factors, including dig-
ital noise in the TPS waveforms and fluctuations of the reference
THz window position, has been accurately analyzed. The method
has been implemented to study in vivo the THz refractive index and
absorption coefficient of the human skin. The skin from three per-
sons has been measured, and the results agree with-the well-known
data on healthy skin spectroscopy in general, except for several re-
gions of the skin. Thus, for the elbow, the hand, the knee, and the
heel the THz refractive index and-absorption coefficient consider-
ably differ from the average values. The observed results are of
principle importance for further development of novel approaches
to skin diagnosis based on THz technologies.

Index Terms—Absorption coefficient, inverse problem, material
parameters, refractive index, spectroscopy of the skin, terahertz
pulsed spectroscopy, THz technology.

I. INTRODUCTION

ERAHERTZ (THz) pulsed spectroscopy (TPS) recently
has attracted considerable interest as a  prospective
method of medical diagnosis [1]-[5].

TPS first appeared as a result of Auston’s research on semi-
conductor photoconductivity [6], [7]. It was rapidly developed
through novel techniques to generate and detect THz pulses
[8]-[20]. Methods of characterizing the THz material parame-
ters [21]-[31], as well as methods of THz time-of-flight tomog-
raphy [32]-[35], have been proposed. Its applicability to non-
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invasive medical diagnosis of oral, [36] skin, [37]-{40] colon
[41], [42], and liver [43] cancers and to intraoperative diag-
nosis of breast cancer [44]-[47] has been considered. In [48],
[49] it was shown, that the exposure of artificial human skin
tissue to-the intense picosecond THz pulses affects the expres-
sion levels-of genes, associated with non-melanoma cancers
and inflammatory diseases of the skin. The ability to cause fa-
vorable changes in the expression of genes indicates prospec-
tives of therapeutic applications of THz radiation. The use of
TPS for sensing in corneal tissue [50], dental tissue [51], [52],
and blood [53]-[55], as well as for studying thermal and chem-
ical tissue burns [56]-[59], has been studied. In [60] and [61],
the ability. to noninvasively diagnose dysplastic skin nevi has
been demonstrated; this is of importance since the dysplasia
of skin nevi is considered to be-a melanoma precursor, which
is reportedly the most dangerous skin cancer [62], [63]. De-
spite the wide variety of biomedical applications of TPS, the
development of novel methods for TPS signal processing and
the inverse problem solution is of great importance for further
progress of TPS technology.

In this paper, we deseribe a method to reconstruct the THz re-
fractive index and absorption coefficient of in vivo tissue based
on TPS signal processing. The method implies reflection mode
measurementof the sample, while itis placed behind a reference
SiO;-window. We take into account satellite pulses, appearing
as-aresult of the multiple THz-wave reflections in the reference
window, thereby allowing us to significantly increase the accu-
racy of the inverse problem solution. The stability of the pro-
posed method in the presence of various factors, including TPS
waveform noise and fluctuations of the reference window posi-
tion, is studied by means of numerical modeling. We implement
the-method to study in vive the THz refractive index and absorp-
tion coefficient of the skin from three persons. Observed results
agree with the well-known data in general. However, we demon-
strate significant fluctuations of THz characteristics of the skin
along the various skin regions, in particular, the hand, the knee,
and the heel. These fluctuations should be taken into account for
further development of novel methods of skin diagnosis using
TPS.

This paper is organized as follows. In Section II, we briefly
discuss the TPS setup utilized to study the skin. In Section III,
we introduce the method to reconstruct the THz refractive index
and absorption coefficient of tissue in vivo. Section III-A intro-
duces an approach both for studying the stability of the inverse
problem solution and for estimating the reconstruction error
based on numerical simulations. In Section III-B and III-C,
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See http://www.ieee org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

(5]

IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY

TPX-L Gold
R \ Mirror
Femtosecond| ) 7
Fiber Laser
2 E (a)
i el Air
2
5 '%44 M .
<
) ! / g
2 > (b) Window
A =
Q SR I
"‘—b' I 3 E;;,a
i Electrooptical Detector M3 . Si-BS ™ | (c) {;1 Vivo
: PD, Ei“ issue
Lock-in | o NS\ R
Amplifier ‘ e NG E M10
| 1
Controller ‘ s R OAPM2, . ——=%p
Personal N y ————— e — e ——— - __...-@ == M9
Computer M3 7

Fig. 1. Schematic representation of experimental setup: BS and Si-BS stand for beamsplitters operating in the optical and the THz ranges, respectively, PCA
stands for the LT-GaAs-photoconductive antenna, L1 and L.2 stand Tor optical lenses, TPX-L stands for the THz lens made of polymethylpentene, M1-M10 stand
for plane gold-coated mirrors, OAPMT-and OAPM2 stand for off-axial gold-coated parabolic mirrors. and P stands for the optical polarizer. Panels (a). (b), and (c)
illustrate the process of TPS waveform detection: (a) corresponds to the waveform Ey, reflected from the window with the gold mirror behind; (b) corresponds to
the waveform E,. reflected from the empty window: (c) corresponds to the sample waveform E. .

we examine the instability of the inverse problem solution
in the presence of digital noises in the TPS waveforms and
fluctuations of the reference window position, respectively.
In Section III-D we verify the proposed-method by com-
paring our results on healthy skin characterization in vive
with the well-known data. Section IV presents the results of
systematic in vivo THz spectroscopy of various skin regions.
Section V summarizes the results of the paper.

II. EXPERIMENTAL SETUP

In the present work we use a compact TPS setup, which is
similar to the one described in [35]. The setup operates in re-
flection mode and allows us to measure the THz spectra between
0.1 and 2.5 THz.

Fig. 1 schematically represents the experimental setup and
illustrates the process of TPS waveform detection. The TPS
system utilizes the second-harmonic radiation of the Er-doped
femtosecond fiber laser with an average power of 200 mW for
both THz pulse generation and detection. The central wave-
length is 780 nm, and the pulse duration and the pulsed repeti-
tion rate are 100 fs and 60 MHz, respectively. THz-wave gener-
ation is produced in a LT-GaAs-photoconductive antenna [10],
and detection of THz pulses is conducted in a ZnTe-electro-op-
tical detector [14].

We perform the reflection mode measurements with a beam-
splitter and a normal angle of radiation incidence on the sample

surface. The sample waveform is obtained while sample is
placed behind the reference 1-mm-thick window made of crys-
talling quartz, The window allows us to fix the sample toward
the TPS setup. Thus, the interface between the SiOz and the
sample is Tocated at the TPX-lens focus [Fig. 1(c)].

III. RECONSTRUCTION OF THZ REFRACTIVE INDEX AND
ABSORPTION COEFFICIENT

Three THz waveforms are detected to characterize a single
sample: the waveform E,, = E,,(t) reflected from the ref-
erence window with a gold mirror placed behind [Fig. 1(a)],
the waveform F, = E,(t) reflected from the empty reference
window [Fig. 1(b)], and the waveform E, = E(t) reflected
from the reference window with the sample of interest placed
behind [Fig. 1(c)]. Let us define the Fourier spectrums of Ep,,
E, and E, as E,, = E,,(v), E, = E.(v), and E, = E,(v),
where v is an electromagnetic wave frequency.

Fig. 2 shows the typical waveforms observed during in vivo
spectroscopy of the skin: (a), (b) and (c) correspond to E,, E.
and F,. The waveforms contain the first pulse, reflected from
the interface between air and the reference window (region (I)
in Fig. 2), the second pulse, reflected from the interface between
the reference window and the mirror, the reference window and
the air, or the reference window and the sample (region (II)
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Fig. 2. TPS waveforms corresponding to the THz pulse reflection (a) from the
reference window with the gold mirror placed behind E,, , (b) from the empty
reference window E.. and (c¢) from the reference window with the sample of
interest placed behind E,. Regions (), (II), and (1) all the waveforms indi-
cate the reference, the sample, and the first satellite pulses, respectively.

in Fig. 2), and the third pulse (the first satellite pulse), origi-
nating owing to the multiple THz-wave reflections in the refer-
ence window (region (I1I) in Fig: 2). The first pulse remains the
same for all the waveforms, since it reflects from the front sur-
face of the reference window. Therefore, we use-it to estimate
the uniform zero point of the signals in the time-domain. The
second pulse and the first satellite pulse are taken into account
to reconstruct the THz refractive index and absorption coeffi-
cient of the sample. We will show below that consideration of
the satellite pulses allows us to significantly raise the reconstruc-
tion accuracy.

Our method allows reconstruction of the THz refractive index
n = n(v) and absorption coefficient & ="a(») of the sample,
which are related to the complex sample refractive index n =
n(v)

(1)

where ¢ ~ 3 x 108 m/s stands for the speed of light in vacuum.
We reconstruct the complex refractive index of the sample, and
the solution of this inverse problem should minimize an error
functional

(2)

7 = arg min; D]
where

2

2
® = || ey | - | ®

+[6 [fue] - 8 [

where ermp = ﬁemp(u) and Hyp = Hn (v, m) are experimental
and theoretical transfer functions, | ... | and ¢[...] are operators
to extract the modulus and the phase.

[

We define the experimental transfer function as

~ E, ~ E,

H = ﬁ. (4)
exp — E

For the theoretical transfer function we assume satellite pulses

originating from the multiple THz-wave reflections in the refer-

ence window:

= R]_g = R](] + E 1(R3+1
Hyp = =T
R13 — Rm + Ej (R

RJ+1)RJ' ”21

(5)
- RiYRS 0P2’

where Rmk = I:lmk(u, T, i) describes the Fresnel reflection
at the interface of mth and kth media:

ﬁkiﬁm

Rk = ———=.
" nm+ﬂk

(6)
The indices m, k= 0,1,2, and 3 correspond to the air, SiOg,
tissue, and gold mirror.media, respectively. Py = Py (v, 7i1,1)
is based on the Bouguer-Lambert—Beer law describing the
THz-wave propagation along a distance [ in the reference SiO,
window

P =exp (#ig-‘:_—yﬁll) : (7)
In (5)(7), the complex refractive indices of air and SiO,
(no and 1), the effective complex refractive index of the
gold mirror (773), the number of satellite pulses (V), and the
thickness of the reference window (1) are known a priori, and
the THz complex-refractive index of the sample (n = ng) is
estimated via (2).

In contrast to the well-known methods used to determine the
THz material parameters via the reflection-mode measurements
(for instance, see [24]), in the described approach we assume
multiple THz-wave reflections in the reference window, thereby
allowing us to significantly increase the reconstruction accu-
racy. To examine the impact of the sample transfer function
determination error’ AH;, on the reconstruction error An for
various numbers of satellite pulses NV, we implement the local
linearization [28], [64] of the theoretical transfer function (5)

A% = KAHy, (8)
where K = I?(N, v,n1,7,l) is a complex coefficient of the
local linearization. By calculating K for typical experimental
conditions (for simplicity, we assume, that ny = 2.14 and a; =
0 are the THz refractive index and absorption coefficient of the
reference window at v = 1.0 THz, [ = 1.0 mm is the thickness
of this window, andn = 1.57 and @ = 13 mm ™1 are the typical
values of THz refractive index and absorption coefficient of the
skin tissue in vivo at v = 1.0 THz), we determine the depen-
dence K (N), which is presented in Fig. 3 as the modulus |K|
and the phase ¢[K].

One can observe that | K| decreases with an increase of V.
Thus, the more satellite pulses are considered, the higher the re-
construction accuracy is. Moreover, ¢(K K) significantly varies
with IV; therefore, the impact of AH,;, on reconstruction of
the real and imaginary parts of the complex refractive index
and, as a consequence, on reconstruction of the THz refractive
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Fig. 3. The modulus [K| and the phase ¢[K] of the local linearization co-
efficients K (V) (8) calculated for the typical conditions of the experiment:
niy = 2.14 and a; = 0 are the THz refractive index and absorption coeffi-
cient of the reference window at v = 1.0 THz, 1 = 1.0 mm is.the thickness
of this reference window, and n = 1.57 and @'= 13 mm~Y-are the typical
THz refractive index and absorption coefficient of the skin tissue /n vivo at v
=.1.0 THz

index and absorption coefficient differs for various IV. Forspec-
ified local linearization conditions the accuracy of reconstrue-
tion could be 10% higher in case of even one satellite pulse is
taken into account.

Many factors affect the process of THz refractive index and
absorption coefficient reconstruction. The list of factors, which
are inherent specifically to the proposed method, includes digital
noise in the TPS waveforms, spectral inhomogeneity of the TPS
sensitivity, and fluctuations of the reference window position,
caused by movements of the sample in vive. All these factors
should be considered during solution of the inverse problemand
estimation of the reconstruction error [28], [65].

A. Numerical Approach to Examine the Stability of the Inverse
Problem Solution

We study the stability of the inverse problem solution by
means of numerical simulations of the algorithm implementa-
tion in the presence of specified negative factors (see Fig. 4).

First, we define the model of THz material parameters of the
sample. We use the well-known model of the THz material pa=
rameters of the skin m = 7n(v), which are described with the
double-Debye model [66]

=G, = o
1+ i27rmy

g —E2

9
1+ i2mvm ©)

E=En +

where &€ = £(r) is a complex dielectric permittivity, €,, €2, and
€4 are dielectric parameters, 7; and 7 are relaxation times in
the medium (Table I).

Second, we solve the direct problem. A Gaussian monopulse
function Ey = Ey(t) [35] is assumed to describe the THz-pulse
radiating the sample

(10)

where v, = 0.95 THz stands for a central frequency of the
Gaussian monopulse. The Fourier spectrums of the waveforms
E,,, E. and E,, which form the basis for the inverse problem

Eo = —2eY%(nv.t) exp(—2(mv.t)?)
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Fig.4. Schematic representation of the method applied to examining the sta-
bility of THz refractive index and absorption coefficient reconstruction.

TABLE 1
DOUBLE-DEBYE MODEL PARAMETERS FOR THE THZ COMPLEX DIELECTRIC
PERMITTIVITY-OF THE SKIN /N VIVO [66]

J 71 (ps) | 72 (ps)
100 | 02

Es | &9 I Eoo

60/ Bt h\ 20 |

solution, are modeled based on the Fresnel formulas (6) and the
Beer—Lambert—Bouger law (7)

N
EnaBy | Roy #TorTioPY Ris+ > PP RIT R,
j=1
— N . .
E,\= By | Rof ¥ Ty Z100P¥ [/Rio + > PYRTH
i=1

N
E, =Eq | Ro +TorT1o P | Rz + Y PP RIF'R],
j=1

(n

where E(] = Eo(u) stands for the Fourier spectrum of the
Gaussian monopulse (10) describing the spectral inhomo-
geneity of the TPS sensitivity; indices 0, 1, 2, and 3 correspond
to the air, Si0,, tissue, and gold media, respectively. In (11)
one satellite pulse is considered, i.e., N = 1. The thickness
of the reference window is [ = 1 mm, and the THz material
parameters of the reference window represent the crystalline
quartz [67]. A time-domain representation of the waveforms is
obtained via the inverse Fourier transform

B =F ' Ba), B=5"[E], B=F [EJ

12)
where F, ! stands for the inverse Fourier transform operator.
Equations (10)~(12) allow us to solve the direct problem,
namely, to simulate the backscattering of the THz pulse and to
estimate the waveforms.
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Finally, the inverse problem is solved via (2), which results
in the reconstructed material parameters Tiyee = Tirec(¥). TO
study the stability of the inverse problem solution, we introduce
the negative factors of reconstruction (digital noise in the TPS
waveforms and translational and angular fluctuations of the ref-
erence window position) at the stage of the direct problem so-
lution [see (10)~(12)], and then obtain the distorted TPS wave-
forms and solve the inverse problem (2). The errors of the THz
refractive index and absorption coefficient reconstruction are
calculated via a comparison of the initial, 7, and the recon-
structed, Nyec, parameters.

Notice, the described approach (Fig. 4) also allows us to ex-
amine the experimental error of the THz material parameter re-
construction, namely, to calculate the error bars.

B. Digital Noise in the TPS Waveforms

Let us consider the inverse problem instability caused by dig-
ital noise in the TPS waveforms. We assume white Gaussian
noise distorting the waveforms in (12)

E:ﬂ:Em'i‘gm, E;::E'r+§ry E:; 8 B~ (13)
where ¢, = sm(t, on), S = & (¢, on)-and ¢-=.¢s(t, oy ) cor-
respond to different realizations of Gaussian noise with uniform
standard deviation o . The noise is introduced in the time-do-
main [68], and o is defined in fractions of the maximal ampli-
tude of the reference THz pulse (region (1) in the Fig. 2),

We perform a set of equal numerical experiments with dif-
ferent noise realizations, ¢m p+G\p and ¢s ». This leads to the
set of reconstruction results fpes p. Where p = 1,2,.. ., M is
the experiment number. By comparing 7= — tac/(2m¥) and
Tirec,p = Mrec,p — 10trec,pCf (2m17); we calculate-the normalized
spectral densities of the reconstruction errors

M
An 1 |1
T =\ 17 &Ey L
p=1

Ao 1

87 (0]

(14)

M
1 2
i E : |arec,p =0
p=1

where M — +oo is the number of numerical experiments.
Fig. 5 shows the results of these calculations: (a) shows the ini-
tial model of the THz refractive index and absorption coeffi-
cient, n and a, as well as the results of the inverse problem so-
lution, Nrecp and aye p, calculated for o = 0.3%; (b) and
(c) shows the normalized spectral densities of the errors of the
refractive index and the absorption coefficient reconstruction,
An/n and Aa/a.

The noise leads to significant distortions in the reconstruc-
tion results. The observed errors have stochastic character, and
the error magnitude varies inhomogeneously with frequency
[Fig. 5(a)]. The standard deviation oy < 0.2% allows accu-
rate reconstruction of the THz material parameters in a reliable
frequency range of 0.2 to 1.4 THz [Fig. 5(b) and 5(c)]. This
standard deviation can be easily achieved via the waveform av-
eraging or by implementing the effective methods of TPS wave-
form denoising [69]-{71].

=
S—r
g

25

02 04 06 08 10 12 14
v, THz

Fig. 5. Impact of white Gaussian noise in the TPS waveforms (13) on the
reconstruction of the THz refractive index and absorption coefficient of the
skin in vivo. (a) Initial model of THz refractive index and absorption coeffi-
cient, n and , and the reconstructed curves, Nrec,p and ctrec,p, calculated for
on = 0.3%. (b) Normalized spectral density of the refractive index recon-
struction error An/n (14). (¢) Normalized spectral density of the absorption
coefficient reconstruction error Ace/ax (14).

C. Fluctuations of the Reference Window Position

The person (patient) can easily impact the reference window
position by pressing it during the sample waveform detection.
This may cause errors in the inverse problem solution. Refer-
ence window fluctuations can be divided into two types: 1) the
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Fig. 6. Impact of the reference window translation (15) on reconstruction of
the THz refractive index and absorption coefficient of the skin in vivo. (a) Initial
model of the THz refractive index and absorption coefficient, n and c. and the
reconstructed curves, mrec and eec, calculated for Az = +1.5 pm (At =
+10 fs). (b) Normalized spectral density of the refractive index reconstruction
error An/n (16). (¢) Normalized spectral density of the absorption coefficient
reconstruction error Aa/e (16).

linear translation along the THz beam axis and 2) the deviation
of the angular orientation (Fig. 1).

For Az linear translation of the reference window in the
direction of the TPS lens (positive direction), we observe At
translation of the sample waveform

Az

E. = E,(t + At), AtzzT. (15)
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This time-domain translation leads to the appearance of the re-
construction errors. We apply numerical simulations to solve the
direct and the inverse problems in the presence of this factor for
various At, and Fig. 6 shows the results.

Fig. 6(a) illustrates the typical character of the noise in recon-
structed THz refractive index and absorption coefficient owing
to Az = +1.5 um (At = 410 f5). The noise in Nyec and Girec
exhibit an oscillating character, and its magnitude varies inho-
mogeneously with frequency. Fig. 6(b) and 6(c) shows the nor-
malized spectral densities of the noise magnitude, An/n and
Aa/a, caused by various At. Notice that An/n and Aa/a are
estimated via the grayscale morphological closing [72]

An 1

s (((nr“'p -n)®a)6 ﬂ)

n n
e g

B (((arec,p —a)®a) S a)

(23 %

(16)

where (f @ a) stands for the grayscale delotation of f by the
primitive of a size, ( f ®a) stands for the grayscale erosion of f
by the primitive of a size, and a is chosen to be wider then the
period of the error oscillations [Fig. 6(a)].

The functions-An/n and Ae/e have asymmetric character
with respect to theideal position of the window At = 0 (Az =
0). One can notice significant distortions caused by even small
translations of the reference window, |Az| > 1.2 um(|At| >
8 fs). Therefore, for the correctsolution of the inverse problem
we should apply TPS waveforms preprocessing in order to es-
timate the uniform zero point of waveforms E,,, E,, and E in
time-domain. In the present work we use the correlation proce-
dure [72] to'accurately solve this problem.

Another distortion of the reconstruction results is caused by
the angular deviation of the reference window orientation, 6.
It breaks the condition of the normal THz-wave incidence on
the interfaces between media (6). Tt also increases the optical
path, fraveled by the THz pulse in the reference window; thus,
we observe an effective change of the reference window thick-
ness-in (7). For'small angular deviations, ¢ < 5°, the reflec-
tivity change is negligible, and it cannot significantly affect the
inverse problem solution [23], [28], [31]. However, changes of
the THz-wave optical path can impact the material parameter
reconstruction:

We ‘assume this factor by changing the reference window
thickness in (11) and (7)

(e — 1 - —
U=1+4l, Al=l (cos(&) 1)

am

where Al stands for the thickness increment. The inverse
problem is solved based on the distorted waveforms, and we
compare the reconstructed curves, Nrec and Qyec, with the
initial ones, n and . The results of calculations are presented
in Fig. 7. Fig. 7(a) illustrates the typical noise originating from
§ = 4.4° (Al = 3 pm). The noise in Ny and e have
an oscillating character, with the inhomogeneous magnitude.
Fig. 7(b) and 7(c) shows the normalized spectral densities of
the noise magnitudes, An/n and Aa/a, calculated for various
Al (16).

The An/n and Aa/a functions have a symmetric character
with respect to the ideal angular orientation of the reference
window, Al = 0 (9 = 0). The error increases significantly if
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Fig. 7. Impact of the reference window angular deviations (17) on reconstruc-
tion of the THz refractive index and absorption coefficient of the skin in vivo.
(a) Initial model of the THz refractive index and the absorption coefficient, n
and c, and the reconstructed curves, 7y and cirec. calculated for 6 = 4.4°
(Al = 3 pm). (b) Normalized spectral density of the refractive index recon-
struction error An/n (16). (¢) Normalized spectral density of the absorption
coefficient reconstruction error Aa/a (16).

# > 2.5° (Al > 1 pm). Thus, we should satisfy the condition
8 < 2.5° during TPS waveform detection. The specified accu-
racy of the reference window orientation can be easily achieved
by rigidly fixing the window, and so the latter factor does not
impact the inverse problem solution.

Besides the considered sources of measurement errors, which
are inherent specifically to the described reconstruction tech-
nique, there are many other ones exist, for instance, jitters in

L0572 04 06 08 10 12 14
v, THz

Fig. 8. Comparison of our results on in vivo THz spectroscopy of the skin from
the arm, n and @, with the well-known data, ng and oy, from [74].

the TPS delay stage [73] and instabilities of the femtosecond
laser [28]. Obviously, these errors are inherent to all the TPS
techniques, and-they can cause instabilities of the TPS inverse
problem solutions. However, systematic studying of all the TPS
instabilities is out of scope of the present paper.

D. \Verification.of the Method

Before experimental implementation of the proposed method,
we have studied the THz materials parameters of the reference
THz window (Fig. 1). We have characterized the SiO;-window
using the TPS transmission-mode measurements [28]. Observed
THz material parameters agree with the well-known data from
[67]. and we use them to process the data of /n vivo measure-
ments of the skin.

To verify the described approach for reconstruction of the
THz refractive index and absorption coefficient, we implement
it to study sm vivo the skin from the arm. Fig. 8 shows that the
results of our measurements, n and «, agree well with the data
from [74], np and ay.

The error bars in Fig. 8 are calculated using the same ap-
proach, which was implemented for studying the stability of the
inverse problem solution (Fig. 4). First, we ensured that during
the experiment and TPS data processing we have satisfied all
the demands associated with the reference window position
(see Section III-C). Second, we considered the reconstructed
material parameters as an initial condition to solve the direct
problem [see (10)<(12)] and to obtain the waveform models.
White Gaussian noise, which is inherent to the experimental
waveforms, was added to the models of the TPS waveforms,
the TPS inverse problem was solved (2), and the error bars were
calculated via (14). The described approach to calculate the
error bars provides a unique opportunity to estimate the errors
of reconstruction considering all the aspects of the reflection
mode measurement. Moreover, the described technique can be
generalized to study the stability and to analyze the measure-
ment errors for other types of TPS systems [8]-[20].

The reconstruction error varies inhomogeneously with fre-
quency for both THz refractive index and absorption coefficient
in the Fig. 8. This feature of the error bars originates both from
the spectral inhomogeneities of TPS sensitivity and from the
multiple THz-wave reflections in the reference THz window.
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Fig. 9. Variation of the THz refractive index and absorption coefficient of the skin in vivo along the human body. Panel (a) schematically represents the human
body and considered regions. The curves from (b) to (k) represent the THz characteristics of the skin from the head, the front side of the body, the back side of the
body, the arm, the elbow, the hand, the hip, the knee, the shin, and the heel, respectively. The material parameters of the skin are collected from three persons. At
least 5 spectral characteristics from each of the listed regions of the body from each of the persons (at least 15 spectral characteristics from each region of interest)
were used to calculate the averaged curves n and a.

The error rises dramatically at low (v<0.2THz) and high IV. MEASURING THE VARIATION OF REFRACTIVE INDEX
(v>1.4THz) frequencies due to the number of TPS instabilities AND ABSORBTION COEFFICIENT OF THE SKIN ALONG
[28], [73]. Moreover, THz-wave scattering on the surface and THE HUMAN BoDY

in the volume of the tissue sample prevents accurate recon-
struction at higher frequencies [60]. Thereby, we do not show We used the proposed algorithm to study in vivo the THz
the reconstruction results in these frequency ranges. refractive index and absorption coefficient of the skin from three
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persons. We considered the variation of the THz characteristics
of the skin along the body by measuring a number of points from
each part of the body from each person, and we systematically
analyzed the observed results.

Fig. 9 shows the results of skin spectroscopy. We have
grouped the results according to the fluctuations of the THz
characteristics along the body. Similar THz refractive index
and absorption coefficient are inherent to certain regions of the
body, which are marked in Fig. 9(a) with the dashed red lines.
Each group represents the results of averaging of at least 5
measurements from each of the three persons (i.e., each group is
formed on the basis of at least 15 spectral characteristics). The
groups represent the THz refractive index and the absorption
coefficient from the head, including the face, the chin, and the
neck [Fig. 9(b)]; the front side of the body [Fig. 9(c)]; the back
side of the body [Fig. 9(d)]; the arm [Fig. 9(e)]; the elbow
[Fig. 9(f)]; the hand [Fig. 9(g)]; the hip [Fig: 9(h}]; the knee
[Fig. 9(i)]; the shin [Fig. 9(j)]; and the heel [Fig. 9(k)].

Despite the fact that all the refractive index curves, n, dex
crease monotonically with frequeney and, inversely, all-the ab-
sorption coefficient curves, «, increase monetonically (Fig. 9),
the THz characteristics of the skin varies considerably along the
body. The highest THz-wave absorption corresponds to the skin
from the head and the hip. and the lowest one corresponds to
the skin from the elbow, the knee, and the heel. Since the THz
waves penetrate only the epidermis of the skin, the THz char-
acteristics depends exactly on the physical and chemical prop-
erties of the epidermis tissue, i.e., on picosecond dynamics in
media [29], [74], [75]. The water content in tissue significantly
impacts its THz characteristics owing to the high polarity of the
water molecule [76], [77]. Obviously, the structure of the epi-
dermis, namely, the thickness of the stratum corneum [33] and
the features of the THz-wave scattering on the surface and in
the volume of the tissue, affects its characterization in the THz
frequency range.

The results of the present paper are of principal importance
for further development of novel methods of skin-diagnosis and
therapy based on THz technology and, in particular, on TPS. All
the methods to noninvasively diagnose skin cancers [37]-[40],
[60], [61] and burns [56]-[59] based on THz absorption spec-
troscopy, as well as all the approaches for principal component
analysis [40], [60], should be adjusted to account for the vari-
ations of the THz refractive index and absorption coeflicient
along the human body.

V. CONCLUSION

In conclusion, in this paper we have proposed a method
for reconstruction of the THz refractive index and absorption
coefficient of in vivo tissue using TPS. The method utilizes
the reference SiOg-window to fix the sample during measure-
ments. It accounts satellite THz pulses in TPS waveforms,
originating from the multiple THz-wave reflections in the
reference window, to accurately solve the inverse problem. We
have studied the stability of the inverse problem solution in
the presence of various negative factors, and we have verified
the proposed method. We have implemented the method to
characterize human skin 7n vivo. The observed results agree
with the well-known data in general, except for several regions
of the skin. Thus, for the elbow, the hand, the knee, and the heel

the THz refractive index and absorption coefficient differ from
the average values. This result is of principle importance for
further development of novel approaches to noninvasively di-
agnose cancers and burns of the skin using the THz absorption
spectroscopy.
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GARMIN.

Lidar Lite v3 Operation Manual
and Technical Specifications

Laser Safety

This device requires no regular maintenance. In the event that the device
becomes damaged or is inoperable, repair or service must be handled by
authorized, factory-trained technicians only. Attempting to repair or service
the unit on your own can result in direct exposure to laser radiation and the
risk of permanent eye damage. For repair or service, contact your dealer or
Garmin® for more information. This device should not be modified or operated
without its housing or optics. Operating this device without a housing and
optics, or operating this device with modified housing or optics that expose the
laser source, may result in direct exposure to laser radiation and therisk of
permanent eye damage. Removal or modification of the diffuser.infront of the
laser optic may result in the risk of permanent eye damage:

Use of controls or adjustments or performance of precedures.other thanthose
specified in this documentation may result inhazardous radiation exposure.
Garmin is not responsible for injuries caused through the improper use or
operation of this product.

Adion _ Y
This device emits laser radiation. This Laser Prodtict is designated Class. |
during all procedures of operation. This designation means thatthe laser’is
safe to look at with the unaided eye, however itis.advisable 10 avoid looking

into the beam when operating the device and to turn off the module when not
in use.

Documentation Revision Information

Rev Date
0A 09/2016

Changes
Initial release
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Connections

Wiring Harness

Specifications

Physical
Specification Measurement
Size (LxWxH) 20x 48 x40mm (0.8 x 19x1.61in.)
Weight 229(0.78 0z.)
Operating temperature |-20 to 80°C (-4 to 140°F)
Electrical
Specification Measurement
Power 5 Vdc nominal

4.5 Vdc min., 5.5 Vdc max.
Current consumption | 105 mAidle

135 mA continuous operation
Performance
Specification Measurement
Range (70% reflective (40 m (131 t)
target)
Resolution +-1cm (0.4 in.)

Accuracy <5 m

+2.5 cm (1 in.) typical*

Accuracy 25m

+10 cm (3.9 in.) typical
Mean +1% of distance maximum
Ripple £1% of distance maximum

Update rate (70% 270 Hz typical
Reflective Target) 650 Hz fast mode**
>1000 Hz short range only
Repetition rate ~50 Hz default
500 Hz max
*Nonlinearity present below 1 m (39.4 ins)
*Reduced sensitivity
Interface
Specification Measurement
User interface 12C
PWM
External trigger
12C interface Fast-mode (400 kbitfs)

Default 7-bit address 0x62
Internal register access & control

PWM interface

External trigger input
PWM output proportional tordistance at 10 ps/cm

==

Wire Color Function

Red 5 Vdc (+)

Orange Power enable (internal pull-up)
Yellow Mode control

Green 12C SCL

Blue 12C SDA

Black Ground (-)

There are two basic configurations for this device:

+__12C (Inter-Integrated Circuit)—a serial computer bus used to
communieate between this device and a microcontroller, such as an

Arduino board (*12C Interface”, page 4).

* / PWM (Pulse Width Modulation)—a bi-directional signal transfer method
thattriggers.acquisitions and refurns distance measurements using the

mode-Control-pin {*Mode Control RPin", page 4).

Connector

You.can, create your own wiring harness if needed for your project or
application-The needed components are readily available from many

suppliers.

Part Description

Manufacturer Part Number

Connector B-position, rectangular housing, JST GHR-06V-S
housing lateh-lock connector receptacle with

a 1.25 mm (0.049 in-) pitch.
Connector 26-30'AWG erimp socketconnector [JST SSHL-002T-P0.2
terminal terminal (up.to'6)
Wire UL 1081 26 AWG stranded copper |N/A N/A

Connector Port Identification

Laser

Specification Measurement

Wavelength 905 nm (nominal)

Total laser power 13W

(peak)

Mode of operation Pulsed (256 pulse max. pulse train) ftam’ [Pin’ Function
Pulse width 0.5 ps (50% duty Cycle) o 1|5 Vde (+)
Pulse train repetition | 10-20 KHz nominal

frequency 2 |Power enable (internal pull-up)
Energy per pulse <280 nJ 3 |Mode control
Beam diameter at 12 x 2mm (0.47 x 0.08 in.) 4 [12C SCL
laser aperture 5 12C SDA
Divergence & mRadian @ 3 Ground ()

M




12C Connection Diagrams

Standard 12C Wiring

Description :
680uF electrolytic capacitor

You must observe the‘correct polarity when

installing the capacitor:

(1)

g Power ground (-) connection Black wire

e 12C SDA connection Blue wire )
o 12C SCA connection Green'wire

@ 5 Vdc power (+) connection Red wire

The sensor operates at4.75 through 5.5Vdc,
with a max. of 6 Vdc.

Item Description
680uF electrolytic capacitor

e

You must observe the correct polarity when
installing the capacitor.

@ 12C SCA connection Green wire
e 12C SDA connection Blue wire
e Power ground (-) connection Black wire
@ 5 Vdc power (+) connection Red wire

The sensor operates at 4.75 through 5.5 Vdc,
with a max. of 6 Vdc.

PWM Wiring

e

Trigger-pin on microcontroller

" No

Cnmect the other side of the resistor to the

trigger pin on your microcontroller.

Monitor pin on microcentroller

Connect one side of the resistor to the mode-
control connection on the device, and to a
monitoring pin on your microcontroller.

Power ground-{=}connection

Black Wire

1K resistor
Mode-control connegtion Yellow wire
5 Vdc power.(+) connection Red wire

The sensor operates at 4.75 through 5.5 Vdc,
with'a max. of 6 Vdc.

ltem Description Notes

5 Vdc power (+) connection

Red wire
The sensor operates at 4.75 through 5.5 Vdc,
with a max. of 6 Vdc.

Power ground (-) connection

Black Wire

Mode-control connection

Yellow wire

Monitor pin on microcontroller

Connect one side of the resistor to the mode-
control connection on the device, and to a
monitoring pin on your microcontroller.

Trigger pin on microcontroller

Connect the other side of the resistor to the
trigger pin on your microcontroller.

@ o 00

1kQ resistor




Operational Information

Technology

This device measures distance by calculating the time delay between the
transmission of a Near-Infrared laser signal and its reception after reflecting
off of a target. This translates into distance using the known speed of light.
Our unique signal processing approach transmits a coded signature and looks
for that signature in the return, which allows for highly effective detection with
eye-safe laser power levels. Proprietary signal processing techniques are
used to achieve high sensitivity, speed, and accuracy in a small, low-power,
and low-cost system

Theory of Operation

To take a measurement, this device first performs a receiver bias correction
routine, correcting for changing ambient light levels and allowing maximum
sensitivity.

Then the device sends a reference signal directly from the fransmitter to

the receiver. It stores the transmit signature, sets the time delay for "zero”
distance, and recalculates this delay periodically after several measurements.

Next, the device initiates a measurement by performing a serigs-of
acquisitions. Each acquisition is a transmission of the main'lasersignal while
recording the return signal at the receiver. If there is a'signal match, the resuit
is stored in memory as a correlation record. The nexi-acquisition is-summed
with the previous result. When an object &t a eerlain distance refleets the
laser signal back to the device, these repeated acquisitions cause a peak

to emerge, out of the noise, at the corresponding distance locatiorin the
correlation record.

The device integrates acquisitions until the signal peak.inthe correlation
record reaches a maximum value. If the returned signal.is-not strong-enough
for this to occur, the device stops at a predetermined maximun acguisition
count.

Signal strength is calculated from the magnitude of the signal record.peak
and a valid signal threshold is calculated from thexnise floor, If the peak is
above this threshold the measurement s considerad validand the device will
calculate the distance, otherwise it will report:1 cm. When beginning the/next
measurement, the device clears the signal record and-starts the'sequence
again.

Interface

Initialization

On power-up or reset, the device performs a self-test sequence andinitializes
all registers with default values. After roughly 22 ms distance measurements
can be taken with the 12C interface or the Mode Control Pin.

Power Enable Pin
The enable pin uses an internal pullup resistor, and'can‘be driven low,ta shut
off power to the device.

12C Interface

This device has a 2-wire, 12C-compatible serial interface (refer to 12C-

Bus Specification, Version 2.1, January 2000, available from Philips
Semiconductor). It can be connected to an 12C bus as a slave device, under
the control of an 12C master device. It supports 400 kHz Fast Mode data
transfer.

The 12C bus operates internally at 3.3 Vdc. An internal level shifter allows the
bus to run at a maximum of 5 Vdc. Internal 3k ohm pullup resistors ensure this
functionality and allow for a simple connection to the 12C host.

The device has a 7-bit slave address with a default value of 0x62. The
effective 8-bit 12C address is 0xC4 write and 0xC5 read. The device will not
respond to a general call. Support is not provided for 10-bit addressing.

Setting the most significant bit of the 12C address byte to one triggers
automatic incrementing of the register address with successive reads or writes
within an 12C block transfer. This is commonly used to read the two bytes of a
16-bit value within one transfer and is used in the following example.

The simplest method of obtaining measurement results from the 12C interface
is as follows:

1 Write 0x04 to register 0x00.
2 Read register 0x01. Repeat until bit 0 (LSB) goes low.

3 Read two bytes from 0x8f (High byte 0x0f then low byte 0x10) to obtain the
16-bit measured distance in centimeters.

Alist of all available control resisters is available on page 7.
For more information about the 12C protocol, see 12C Protocol Operation
(page 7).

Mode Control Pin

The mode control pin provides a means to frigger acquisitions and return the
measured distance via Pulse Width Modulation (PWM) without having to use
the 12C interface.

The-idle state of the mode control pin is high impedance (High-Z). Pulling
the'mode.cantrolpin low will trigger a single measurement, and the device
will respond by driving the line high with a pulse width proportional to the
measured distance at 10.us/em. A 1k ohm termination resistance is required to
prevent bus contention,

The device drives the mode control pin high at 3.3 Vdc. Diode isolation allows
the pin to'toterate a maximum of 5 Vide:

As shawn in the diagram PWM Arduine Wiring (page 3), a simple

triggering method-uses a 1k ohm resistor in.series with a host output pin to
pull the'mode control pinlow. to initiate a measurement, and a host input pin
connected directly tomenitor the Tow=to-high output pulse width.

If the mode control pin-is-held low, the acquisition process will repeat
indefinitely, producing 4 variable frequency output proportional to distance.
The made conirel pin‘behaviorean be modified with the ACQ_CONFIG_REG
(0%04) 12C reqister as detailed in 0x04 (page 8)

Settings

The device.can be configured with alternate parameters for the distance
measirement algorithm. This-gan be used to customize performance by
enabling configurations that allow choosirg between speed, range and
sensitivity. Other useful features are also detailed in this section. See the full
register map (Control Register List (page 7) for additional settings not
mentioned here:

Receiver Bias Correction

Address  Name

0x00 ACQ_COMMAND
+  Write- 0007 Reset device; all registers return to default values
+ ' Write 0x03: Take distance measurement without receiver bias correction
+ Write 0x04: Take distance measurement with receiver bias correction
Faster distance measurements can be performed by omitting the receiver
bias correction routine. Measurement accuracy and sensitivity are adversely
affected if conditions change (e.g. target distance, device temperature, and
optical noise). To achieve good performance at high measurement rates
receiver bias correction must be performed periodically. The recommended
method is to do so at the beginning of every 100 sequential measurement
commands.

Initial Value

Description

Device command

Maximum Acquisition Count
Address Name

0x02 SIG_COUNT_VAL
The maximum acquisition count limits the number of times the device will
integrate acquisitions to find a correlation record peak (from a returned signal),
which occurs at long range or with low target reflectivity. This controls the
minimum measurement rate and maximum range. The unit-less relationship
is roughly as follows: rate = 1/n and range = n(1/4), where n is the number of
acquisitions.

Description Initial Value

Maximum acquisition count 0x80

e



Measurement Quick Termination Detection

Configurable 12C Address

Address Name Description Initial Value Address Name Description Initial Value
ACQ_CONFIG_REG | Acquisition mode control 0x16 UNIT_ID_HIGH Serial number high byte Unique
You can enable quick-termination detection by clearing bit 3 in this register. 0x17 UNIT_ID_LOW Serial number low byte Unigue
The device will terminate a distance measurement early if it anticipates that 0x18 12C_ID_HIGH Write serial number high byte for | -
the signal peak in the correlation record will reach maximum value. This allows 12C address unlock
for faster and slightly less accurate operation at strong signal strengths without —
sacrificing long range performance. 0x19 [2C_ID_LOW Write serial number low byte for | --
12C address unlock
Dataction Sensithily Oxla | I2C_SEC_ADDR | Write new I2C address after
Address  Name Description Initial Value unlock
THRESHOLD Peak detection threshold bypass Oxte 12C_CONFIG Default address response 0x00
BYPASS control

The default valid measurement detection algorithm is based on the peak
value, signal strength, and noise in the correlation record. This can be
overridden to become a simple threshold criterion by setting a non-zero value.
Recommended non-default values are 0x20 for higher sensitivity with more
frequent erroneous measurements, and 0x60 for reduced sensitivity and fewer
erroneous measurements,

Burst Measurements and Free Running Mode

Address  Name Description Initial Value
0x04 ACQ_CONFIG_REG | Acquisition mode control 0x08
0x11 OUTER_LOOP_ Burst measurement count control | 0x00
COUNT
0x45 MEASURE_DELAY Delay between-automatic 0x14
measurements

The device can be configured to take multiple measurements for each
measurement command or repeat indefinitely for free running mode.

OUTER_LOOP_COUNT (0x11) controls the number of times the device will
retrigger itself. Values 0x00 or 0x01 restltin the default;one measurement per
command. Values 0x02 o Oxfe directly set the repetition count: Value 0xff wil
enable free running mode after the host device sends an-initial measurement
command.

The default delay between automatic measurements corresponds to a-10
Hz repetition rate. Set bit 5 in ACQ_CONFIG_REG (0x04) to use the delay
value in MEASURE_DELAY (0x45) instead. A delay value of 0x14 roughly
corresponds to 100Hz.

The delay is timed from the completion of each measurement. The means that
measurement duration, which varies with returned signal strength, will affect
the repetition rate. At low repetition rates (high delay) this effect is small, but
for lower delay values it is recommended to limit the maximum acquisition
count if consistent frequency is desired.

Velocity
Address

Name Initial Vaive

0x08 VELOCITY

Description
Velocity measurement output

The velocity measurement is the difference between the current measurement
and the previous one, resulting in a signed (2's complement) 8-bit number in
cm. Positive velocity is away from the device. This can be combined with free
running mode for a constant measurement frequency. The default free running
frequency of 10 Hz therefore results in a velocity measurement in .1 m/s.

The 12C address can be changed from its default value. Available addresses
are 7-bit values with a ‘0" in the least significant bit (even hexadecimal
numbers).

To change the 12C address, the unique serial number of the unit must be read
then written back to the device before seting the new address. The process is
as follows:

1 Read the two.byte serial number from 0x96 (High byte 0x16 and low byte
0x17).

Write the serial number high byte to 0x18.

Write the-serial number low byte.to 0x19.

Write the desired-new-12C address to Ox1a.

Write 0x08 to Oxte to.disable the default address.

This can be used to run multiple devices on a single bus, by enabling one,
changing its-address, then enabling the next device and repeating the
process.

The 12C address will berestored to default after a power cycle.

o B WhN

Power Control
Address ' 'Name Description Initial Value
0x69 POWER.CONTROL. | Powerstate cantrol 0x80

NOTE: The most effective way {0 contrel-power usage is to utilize the enable
pin‘to deactivate the device when not in Use.

Anotheroption is toset bit0 in this register which disables the receiver circutt,
saving roughly 40mA After being re-gnabled, the receiver circuit stabilizes by
the time @ measurement can be performed. Setting bit 2 puts the device in
sleep made until the next 12C transaction, saving 20mA. Since the wake-up
time is only around 2 m/s shorter than the full power-on time, and both
will reset allregisters, it is recommended to use the enable pin instead.




12C Protocol Information

This device has a 2-wire, |2C-compatible serial interface (refer to 12C-Bus Specification, Version 2.1, January 2000, available from Philips Semiconductor). It
can be connected to an I12C bus as a slave device, under the control of an 12C master device. It supports standard 400 kHz data transfer mode. Support is not

provided for 10-bit addressing.
The Sensor medule has a 7-bit slave address with a default value of 0x62 in hexadecimal notation. The effective 8 bit I2C address is: 0xC4 write, 0xC5 read. The
device will not presently respond to a general call.

Write

START SENSOR ADDRESS WRITE  ACK REGISTER ADDRESS ACK WRITE DATA TO REGISTER ALK sT0P
CONDITION CONDITION

1N I

Read

START SENSOR ADDRESS WRITE  acK REBISTHE ADRAESS LT
CONDITION

START
CONDITION

Thnnihebses e e

BATA OUTFRERT

DATAQUTBYTE #23

STOP
CONDITION

N LIVATATAVAVE-RI (A2 i Up el =N iics idVioA sgvN /i RIE |

Notes:

+  This device does not work with repeated START conditions. It must first receive-a STOP condition before anew START condition.

+  The ACK and NACK items are responses from the master-deviceto.the slave device.

+ The last NACK in the read is technically optional, but the formal I2C protecal.states that the master shall not acknowledge the last byte.




12C Protocol Operation

The 12C serial bus protocol operates as follows:

1

The master initiates data transfer by establishing a start condition, which is when a high-to-low fransition on the SDA line occurs while SCL is high. The
following byte is the address byte, which consists of the 7-bit slave address followed by a read/write bit with a zero stale indicating a write request. A write
operation is used as the initial stage of both read and write transfers. If the slave address corresponds to the module's address the unit responds by pulling
SDA low during the ninth clock pulse (this is termed the acknowledge bit). At this stage, all other devices on the bus remain idle while the selected device
waits for data to be written to or read from its shift register.

Data is transmitted over the serial bus in sequences of nine clock pulses (eight data bits followed by an acknowledge bit). The transitions on the SDA line
must occur during the low period of SCL and remain stable during the high period of SCL.

An 8 bit data byte following the address loads the 12C control register with the address of the first control register to be read along with flags indicating if auto
increment of the addressed control register is desired with successive reads or writes; and if access to the internal micro or external correlation processor
register space is requested. Bit locations 5:0 contain the control register address while bit 7 enables the automatic incrementing of control register with
successive data blocks. Bit position 6 selects correlation memory external to the microcontroller if set. (Presently an advanced feature)

If a read operation is requested, a stop bit is issued by the master at the completion of the first data frame followed by the initiation of a new start condition,
slave address with the read bit set (one state). The new address byte is followed by the reading of one or more data bytes succession. After the slave has
acknowledged receipt of a valid address, data read operations proceed by the master releasing the [2C data line SDA with continuing clocking of SCL. At the
completion of the receipt of a data byte, the master must strobe the acknowledge bit before continuing the read cycle.

For a write operation to proceed, Step 3 is followed by one or more 8 bit data blocks with acknowledges provided by the slave at the completion of each
successful transfer. At the completion of the transfer cycle a stop condition.is-issued.by the master terminating operation.

Register Definitions

Control Register List

Address RW Name Description Intial Value Details
0x00 W ACQ_COMMAND Device command page 8
0x01 R STATUS System status - page 8
0x02 RIW SIG_COUNT_VAL Maximum acquisition count 0x80 page 8
0x04 RIW ACQ_CONFIG.REG Acquisition mode-control 0x08 page 8
0x09 R VELOCITY Velocity measurement output page 8
0x0c R PEAK_CORR Peak value'in correlation record page 8
0x0d R NOISE_PEAK Correlation record noise floor page 8
0x0e R SIGNAL_STRENGTH Received signal strength - page 9
0x0f R FULL_DELAY_HIGH Distance measurement high byte - page 9
0x10 R FULL_DELAY_LOW Distance measurement low byte - page 9
0x11 RIW OUTER_LQOPZCOUNT Burst measurement count control 0x01 page 9
0x12 R/W REF_COUNT_VAL Reference acquisition count 0x05 page 9
Ox14 R LAST_DELAY_HIGH Previous distance measurement high-byte - page 9
0x15 R LAST_DELAY_LOW Previous distance measurement low byte page 9
0x16 R UNIT_ID_HIGH Serial number high byte Unique page 9
0x17 R UNIT_ID_LOW Serial number low byte Unigue page 9
0x18 W 12C_ID_HIGH Write-serial. number high-byte for 12C address unlack - page 9
0x19 w 12C_ID_LOW Write serial numberiow byte for 12C address unlock page 9
Ox1a RIW 12C_SEC_ADDR Write-new 12C address after unlock - page 9
Ox1c R/W THRESHOLD_BYPASS Peak detection.threshold bypass 0x00 page 9
Ox1e RW 12C_CONFIG Default address response control 0x00 page 9
0x40 RIW COMMAND State command - page 10
0x45 RW MEASURE_DELAY Delay between automatic measurements 0x14 page 10
Oxdc R PEAK_BCK Second largest peak value in correlation record page 10
0x52 R CORR_DATA Correlation record data low byte page 10
0x53 R CORR_DATA_SIGN Correlation record data high byte page 10
0Ox5d RIW ACQ_SETTINGS Correlation record memory bank select - page 10
0x65 RIW POWER_CONTROL Power state control 0x80 page 10




Detailed Control Register Definitions 0x04

NOTE: Unless otherwise noted, all registers contain one byte and are read RIW  Name Description Initial Value
and write.
R/W | ACQ_CONFIG_REG | Acquisition mode control 0x08
0x00
RW. Name Description nial Vale

0: Enable reference process during measurement

b AGEL PN | Deulbecamman = 1: Disable reference process during measurement

5 0: Use default delay for burst and free running mode
2 E 1. Use delay from MEASURE_DELAY (0x45) for burst and free running mode
Write 0x00: Reset FPGA, all registers return to default values : 7
. : : : Y : 4 0: Enable reference filter, averages 8 reference measurements for increased
Write 0x03: Take distance measurement without receiver bias correction consistency
Write 0x04: Take distance measurement with receiver bias correction 1: Disable reference filter
0x01 3 0: Enable measurement quick termination. Device will terminate distance
: measurement early if it anticipates that the signal peak in the correlation
RW Name Description Initial Value record will reach maximum value.
R STATUS System status N 1: Disable measurement quick termination.
2 0: Use default reference acquisition count of 5.
1: Use reference acquisition count from REF_COUNT_VAL (0x12).
5 Process Error Flag 1:0 Mode Select Pin Function Control

00:-DefaultPWM mode. Pull pin low fo trigger measurement, device will
respond with.an active high output with a duration of 10us/cm.
01: Status output'mode. Device will drive pin active high while busy. Can be

0: No error detected
1: System error detected during measurement

5 Health Flag (ised to-interrupt host device.

0: Error detected - 4 107 Fixed delay PWM mode. Pulling pin low will not trigger a measurement.

1: Reference and receiver bias are operational 11:-Oscillator output mode. Neminal 31.25 kHz output. The accuracy of the
4 Secondary Return Flag silicon ‘escillator in the device is generally within 1% of nominal. This affects

0: No secondary retum detected distance measurements proportionally and can be measured to apply a

1: Secondary retum detected in correlation record compersation.factor.
3 Invalid Signal Flag 0,

X

0: Peak detected i

1: Peak not detected in correlation record, meastrement is invalid RW Name Desttiption Initial Value
2 Signal Overflow Flag R VELOGITY Velocity measurement output

0: Signal data has not overflowed
1. Signal data in correlation record-has reached the maximum value before
overflow. This occurs with a strong received signal strength

Velocity measurement output. The difference between the current

1 Reference Overflow Flag measurement and the previous one, signed (2's complement) value in
0: Reference data has not overflowed centimeters.
1: Reference data in correlation record has reached the maximum value
before overflow, This occurs periadically 0x0c

0 Busy Flag ) - ;
0: Device is ready for new command R Moo Paselpron e
1: Device is busy taking a measurement R PEAK_CORR Peak value in correlation record -

0x02 Bt Funciion

RW  Name Description Initial Value

RW | SIG_COUNT_VAL | Maximum acquisition count 0x80
Bit  Function Initial Value

7:0 Maximum number of acquisitions during measurement

Bit  Function

A measure of the noise in the correlation record. Will be slightly above the
third highest peak.

<o



Description

initial Value

0x16
RW Name Description Initial Value
R UNIT_ID_HIGH Serial number high byte Unique

correlation record and how many acquisitions were performed.

Received signal strength calculated from the value of the highest peak in the

Bit  Function
7.0 |Unigue serial number of device, high byte.

0x17
0xof
RM  Name Description Initial Vaiue
fe L (e Ayt il EREPN (R | UNITID_LOW | Serial number low byte Unigue
R FULL_DELAY_HIGH | Distance measurement high byte -
Bit Function
Bit  Function 7:0  |Unique serial number of device, high byte.
7.0  |Distance measurement resultin centimeters, high byte.
0x18
0x10
Description Initial Value
R Nane el i b I2C_ID_HIGH | Wiite serial number high byte for 12C
R FULL_DELAY_LOW | Distance measurement low byte = address unlock
Bit Function
7:0 Distance measurement result in centimeters, low byte. Write the value in UNIT_ID_HIGH (0x16) here as part of enabling a non-
default |2C address, See 12C_ID_LOW (0x19) and I2C_SEC_ADDR (0x1a).
0x11
1
RW  Name Description nitial Value. RS
R/W | OUTER_LOOP_COUNT | Burst measurement countcantrol” | 0x01 Bescriptien e Gl

0x00-0x01: One measurement per distance measurement command.

(0x02-Oxfe: Repetition count per distance measurement command,

0xff. Indefinite repetitions after initial distance measurement command.
See ACQ_CONFIG_REG (0x04) and MEASURE_DELAY {0x45) fornan-

default automatic repetition delays.

0x12

Deseription

REF_COUNT_VAL | Reference acquisition count

Initial Valtie

CONFIG_REG (0x04) bit 2 must be set,

Non-default number of reference acquisitions during measurement. ACQ_

Description

initial Value

Description
LAST_DELAY_LOW | Previous distance measurement low

initial Value

Bit
7.0

Function
Previous distance measurement result in centimeters, low byte.

126D _LOW Write serial number low byte for 12C

address unlock

Bit Fungtion

7:0 | Write the value in UNIT_ID_LOW (0x17) here as part of enabling a non-default
12G address. See 12C_ID_HIGH (0x18) and [2C_SEC_ADDR {Ox1a).

Ox1a
RW:. - Name Description Initial Value
R | 12C. SEG_ADDR | Write-new 12G-address after unlock -

Bit

7.0 Non-default {2C-address.
Available addresses are 7-bitvalues with a ‘0" in the least significant bit (even
hexadecimal numbers),
[2C_ID_HIGH (0x18).and 12C/ID.LOW {0x19) must have the correct value for
the device to respond to the nan-default 12C address.

O0x1c

Description Initial Value

RW._ |- THRESHOLD_ Peak detection threshold bypass

Bit  Function

0x00: Use default valid measurement detection algorithm based on the peak
value, signal strength, and noise in the correlation record.

0x01-0xff: Set simple threshold for valid measurement detection. Values 0x20-
0x60 generally perform well.

Oxte
RW Name Description Initial Value
RW | 12C_CONFIG Default address response control 0x00




3 0: Device will respand to 12C address 0x62. Device will also respond to 0x5d

non-default address if configured successfully, See 12C_ID_HIGH (0x18), TS 7
12G_ID_LOW (0x19), and 12C_SEC_ADDR (0x1a) RW ||| Name aogey i
1: Device will only respond to non-default 12C address. It is recommended to RW | ACQ_SETTINGS | Correlation record memory bank select | -
configure the non-default address first, then use the nen-default address to
write to this register, ensuring success.

0x40 76 11: Access correlation memory bank. Write prior to test mode enable, see
COMMAND (0x40).
RM  Name Description Initial Value
RW | COMMAND State command B 0x65

RW Name Description Initial Value
R/W | POWER_CONTROL | Power state control 0x80

000: Test mode disable, resume normal operation
111: Test mode enable, allows download of correlation record Bit  Function
Select correlation memory bank in ACQ_SETTINGS (0x5d) prior to enabling 9
fest mode.

Once test mode is enabled, read CORR_DATA (0x52) and CORR_DATA_
SIGN (0x53) in one fransaction (read from 0xd2). The memory index is

incremented automatically and successive reads produce sequential data. 0 1: Disable receiver circuit
0: Enable receiver circuit. Receiver circuit stabilizes by the time a

0x45 measurement can be performed.

1: Device Sleep, wakes upon 12C transaction. Registers are reinitialized,
wakeup time similar to full reset using enable pin.
0: Device awake

Description Initial Value
Delay between automatic measurements-|. 0x14

R/W | MEASURE_

Bit Function

Non-default delay after completion of measurement before automatic retrigger,
in burst and continuous modes. ACQ_CONFIG_REG (0x04) bit 5 must be set.
Value Oxc8 corresponds to 10 Hz repetition rate and 0x14 to reughly-100Hz.

Description Initial Vaiue

Second largest peak value in correlation
record

7.0 |The value of the second highest peak.in the correlation record.

0x52
RW  Name Description Initial Value
R CORR_DATA Correlation record datalow byte -

7.0 Correlation record data low byte. See CORR_DATA_SIGN (0x53), ACQ_
SETTINGS (0x5d), and COMMAND (0x40).

0x53
RW Name Description Initial Value
R CORR_DATA_SIGN | Correlation record data high byte -

Bit  Function

Correlation record data high byte. Correlation record data is a 2's complement
9-hit value, and must be sign extended to be formatted as a 16-bit 2's
complement value. Thus when repacking the two bytes obtained for the 12C
transaction, set the high byte to 0xff if the LSB of the high byte is one.




Frequently Asked Questions

Must the device run on 5 Vdc? Can it run on 3.3 Vdc

instead?
The device requires 5 Vdc to run properly, so this specification is
recommended and supported.

What is the spread of the laser beam?

At very close distances (less than 1 m) the beam diameter is about the size
of the aperture (lens). For distances greater than 1 m, you can estimate the
beam diameter using this equation:

Distance/100 = beam diameter at that distance (in whatever units you
measured the distance).

The actual spread is ~8 milli-radians or ~1/2 degree.

How do distance, target size, aspect, and reflectivity

effect returned signal strength?

The device transmits a focused infrared beam that reflects off of a targel;

and a portion of that reflected signal returns to the receiver. Thedistanceris
calculated by taking the difference between the momentof signal transmission
to the moment of signal reception. Successfully receiving'a reflected signal is
heavily influenced by several factors. These fagtersinclude:

+ Target Distance

The relationship of distance (D) to returned signal-strengtivis an inverse
square. So, with increase in distance,returned signal strength decreases
by 1/D*2 or. the square root of the distance.

+  Target Size

The relationship of a target's Crogs Section (C) e refurned signal sirength
is an inverse power of four. The device transmits afocused near-infrared
laser beam that spreads at a rate of approximately0.56° as distance
increases. Up to 1 m it is approximately the size of the lens..Beyond 1/'m,
the approximate beam spread in degrees can be estimated by dividing the
distance by 100, or ~8 milliradians:- When the bearm overfills (is larger than)
the target, the signal returnad decreases by 1/C*4 or the fourth.root, of the
target's cross section.

+ Aspect
The aspect of the target, or its orientation to the'sensor, affects the

observable cross section and, therefore; the amountefreturned signal
decreases as the aspect of the target varies from the-normal:

+  Reflectivity

Reflectivity characteristics of the target's surface alsa affect the:amaunt
of returned signal. In this case, we concern ourselves with reflestivity of
near infrared wavelengths (*How does the device work with reflective
surfaces?”, page 12).
In summary, a small target can be very difficult to detectif it is-distant, poorly
reflective, and its aspect is away from the normal. In such cases, the returned
signal strength may be improved by attaching infrared reflectors to the target
increasing the size of the target, modifying its aspect, or reducing distance
from the sensor.

How does the device work with reflective surfaces?
Reflective characteristics of an object’s surface can be divided into three
categories (in the real world, a combination of characteristics is typically
present):

+ Diffuse Reflective

+  Specular

*+  Retro-reflective

Diffuse Reflective Surfaces

Purely diffuse surfaces are found on materials that have a textured quality
that causes reflected energy to disperse uniformly. This tendency results in a
relatively predictable percentage of the dispersed laser energy finding its way
back to the device. As a result, these materials tend to read very well.

Materials that fall-inte this-category are paper, matte walls, and granite. It

is important fo note-that materials thatfitinto this category due to observed
reflestion.at visible light wavelengths may exhibit unexpected results in other
wavelengths. The nearinfrared range used by the device may detect them
as nearly identical. For-example, ablack sheet of paper may reflect a nearly
identical percentage of the infrared signal back to the receiver as a white
sheet.

Specular Surfaces

Specular surfaces, are found on.materials that have a smooth quality that
reflect. energy instead of dispersingit. It is difficult or impossible for the
device fo'recognize the distance of many-specular surfaces. Reflections
off of specular surfaces tend to.reflect with little dispersion which causes
the reflected beamto, remain small and..if not reflected directly back to the
receiver, to-miss the'receiver altogether. The device may fail to detect a
specularabjectin front of it unless viewed fram the normal.

Examples of specular surfaces are mirrors and glass viewed off-axis,
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How does liquid affect the signal?

There are a few considerations to take into account if your application requires
measuring distances to, or within, liquid:

+  Reflectivity and other characteristics of the liquid itself

+  Reflectivity characteristics of particles suspended in the liquid
* Turbidity

+  Refractive characteristics of the liquid

Reflectivity of the liquid is important when measuring distance to the surface of
aliquid or if measuring through liquid to the bottom of a container(*How does
the device work with reflective surfaces?", page 12).

It is important to note that measuring distance with the device depends on
reflected energy from the transmitted signal being detected by the receiver

in the sensor. For that reason, the surface condition of the liquid may play an
important role in the overall reflectivity and detectability of the liquid. In the
case of a flat, highly reflective liquid surface, the laser's reflected energy may
not disperse adequately to allow detection unless viewed from the normal. By
contrast, small surface ripples may create enough dispersion of the reflected
energy to allow detection of the liquid without the need fo position the sensor
50 that the transmitted beam strikes the liquid's surface from the normal:

Reflectivity of suspended particles is a characteristic that may help-orhinder
depending on the application.

Turbidity, or the clarity of a liquid created by the presence or absence-of
suspended particles, can similarly help or hinder measurement-efforts:f
the application requires detecting the surfage of the liquid, then-suspended
particles may help by reflecting more of the transmitted beam back to the
receiver, increasing detectability and permitting measurements to be taken,

It is important to note that, attempting to measure through'suspended particles
in a liquid will only be successful if the transmitled beam is allowed to.reflect
off of the desired target without first being absorbed or reflected by the
suspended particles.

When the near infrared energy transmitted by the device transitions from the
atmosphere to a liquid, the energy may-be bent;-or refracted; and-absorbed
in addition to being dispersed. The degree to which the transmitted beam is
refracted and absorbed is defined by its refraction index: Thai-being said, the
most important criteria impacting successful'measurement threugh-a liquio

is the amount of dispersion of the transmitted beam and whether anyof the
dispersed beam makes its way back fo the receiver onthe device.

Remember that electromagnetic energy travels slower through a liquid-and
may affect accuracy of the final measurement autput.
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Overview:

Arduino Nano is a surface mount breadboard embedded version with integrated USB. It is
a smallest, complete; and breadboard friendly. It has everything that
Diecimila/Duemilanove has (electrically) with more analog input pins and onboard +5V
AREF jumper. Physically, it is missing power jack: The Nano is automatically sense and
switch to the higher potential source of power, there isno.need for the power select

jumper.

Nano’s got the breadboard-ability of the Boarduino and the Mini+USB with smaller
footprint than either, so users have more breadboard space. It's got a pin layout that
works well with the Mini or the Basic Stamp (TX, RX, ATN, GND on one top, power and
ground on the other). This new version 3.0 comes with ATMEGA328 which offer more
programming and data memory space. It is two layers. That make it easier to hack and
more affordable.

e e T

Electronics Source Co;,Ltd Website « http://www.es.co.th
7/129 Central Pinklao Bldg:, 17FL,,-Unit 1702 Email : info@es.co.th
Baromrachonnee Rd., Bangkok-noi, Bangkok 10700 Tel: (662) 884-9210 (6 line)

Fax : (662) 884-9213-4



Specifications:

Microcontroller

Operating Voltage (logic level)
Input Voltage (recommended)
Input Voltage (limits)

Digital I/O Pins

Analog Input Pins

DC Current per I/O Pin

Flash Memory

bootloader)

SRAM

EEPROM

Clock Speed

Dimensions

Atmel ATmega328

5V

7-12V

6-20V

14 (of which 6 provide PWM output)
8

40 mA

32 KB (of which 2KB used by

2 KB

1 KB

16 MHz
0.70” x 1.70”

Electronics Source Co.,Ltd Wehsite : http://www.es.co.th
7/129 Central Pinklao Bldg., 17FL., Unit 1702

Baromrachonnee Rd., Bangkok-noi, Bangkok 10700

Email : info@es.co.th
Tel : (662) 884-9210 (6 line)
Fax : (662) 884-9213-4
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Released under the Creative Commons Attribution Share-Alike 2.5 License

http://creativecommons.org/licenses/by-sa/2.5/

More information:

www.arduino.cc Rev 3.0



Arduino Nano Pin Layout
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1-2, 5-16 DO0-D13 11O Digital input/output port 0.to 13

3,28 RESET Input Reset (active low)

4,29 GND PWR Supply ground
17 3V3 Output +3.3V output (from FTDI)
18 AREF Input ADC reference

19-26 AQ-A7 Input Analog input channel 0 to 7

27 +5V Output or | +5V output (from on-board regulator) or
Input +5V (input from external power supply)

30 VIN PWR Supply voltage
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Arduino Nano Mechanical Drawing
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‘MG995 High Speed
‘Metal Gear Dual Ball Bearing Servo

' The unit comes complete with-30cm wire and 3 pin'S' type female header connector that fits
'most receivers, including Futaba, JR, GWS, Cirrus, Blue Bird,-Blue Arrow, Corona, Berg,
' Spektrum and Hitec.

This high-speed standard servo can rotate approximately 120 degrees (60 in each direction).
You can use any servo code, hardware or-library to control these servos, so it's great for
| beginners who want to make stuff’ move without building a motor.controller with feedback &
gear box, especially since it will fit-in small places: The MG995 Metal Gear Servo also
‘ comes with a selection of arms and-hardware to get you set up nice and fast!

‘ Specifications

| Weight: 55 g

Dimension: 40.7 x 19.7 x 42.9 mm approx.

Stall torque: 8.5 kgf-cm (4.8 V), 10 kgf-cm (6 V)
Operating speed: 0.2 s/60° (4.8 V), 0.16 s/60° (6 V)
Operating voltage: 4.8 Va7.2V

Dead band width: 5 ps

Stable and shock proof double ball bearing design
Temperature range: 0 °C — 55 °C



PWM=0range (I1I") - _
Vcc=Red (+) — @7
Ground=Brown (=) —

Duty Cycle

48Vto72Vi
Power i

and Signal

20ms (50 H2)
PWM Period
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HC-05

-Bluetooth to Serial Port Module

Overview

HC-05 module is an easy to-use Bluetooth SPP (Serial Port: Protocol) module;designed for
transparent wireless serial.connection setup.

Serial port Bluetoothmodule is fully qualified Bluetooth V2.0+EDR (Enhanced Data Rate) 3Mbps
Modulation with complete 2.4GHz radio transceiver and baseband. It uses’ CSR Bluecore
04-External single chip> Bluetooth. system  with CMOS technology and with ‘AFH(Adaptive
Frequency Hopping Feature), It has the footprint as small as 12.7Zmmx27mm. Hope it will simplify
your overall design/development cycle.

Specifications

Hardware features

Typical -80dBm sensitivity

Up to +4dBm RF transmit power

Low Power 1.8V Operation ,1.8 to 3.6V I/0
PI1O control

UART interface with programmable baud rate
With integrated antenna

With edge connector

HC-05 Bluetooth module iteadstudio.com 06.18.2010
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Software features

@® Default Baud rate: 38400, Data bits:8, Stop bit:1,Parity:No parity, Data control: has.

Supported baud rate: 9600,19200,38400,57600,115200,230400,460800.

@ Given a rising pulse in PI0O0, device will be disconnected.

@ Status instruction port PIO1: low-disconnected, high-connected;

@® PIO10 and PI011 can be connected to red and blue led separately. When master and slave
are paired, red and blue led blinks 1time/2s in interval, while disconnected only blue led
blinks 2times/s.

® Auto-connect to the last device on power as default.

® Permit pairing device to connect as-default.

® Auto-pairing PINCODE:”0000" as default

@ Auto-reconnect in 30 min when-disconnected as a resultof beyond the range of connection.

Hardware
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HC-05 Bluetooth module iteadstudio.com
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PIN Name |PIN| Padtype Description Note
#
13
GND 21 VSS Ground pot
22
13 Integrated 3.3V (+) supply with
V(.: C 12 3.3V On-chip l.lne'ar regulator output
within 3.15-3.3V
AlOO 9 Bi-Directional | Programmable input/output line
AlO1 10 | Bi-Directional | Programmable input/output line
PIOO 23 Bi-Dir’ectional Programmable inputfout.put line,
RX EN control output for LNA(T fitted)
PIO1 24 Bi-Directional | Programmable input/output line,
TX EN control output for PA(f fitted)
P102 25" | Bi-Directional Programmable inpll_ﬂoutput line
P103 26 | Bi-Directional | Programmable input/output line
P104 27 | Bi-Directional { Programmable input/output line
P105 28 | Bi-Directional | Programmable input/output line
P106 ©29 | Bi-Directional | Programmable input/output line
P107 30" | Bi-Directional | Programmable input/output line
P1O8 31 | Bi-Directional | Programmable input/output line
P109 32 | Bi-Directional | Programmable input/output line
PIO10 33 | Bi-Directional | Programmable input/output line
PIO11 34 | Bi-Directional | Programmable input/output line
HC-05 Bluetooth module iteadstudio.com 06.18.2010




= ITead Studio
m " mMake Innovation easler

Tech Support: info@iteadstudio.com

CMOS input with  Reset if low.input debouncde so
RESETB 11 | weak internal must be low for >5MS to cause

pull-up a reset
CMOS output,
tri-stable with
UART RTS 4 UART request to send, active low
= weak internal
pull-up
CMOS input

with weak .
UART CTS 3 UART clear to send, active low
= internal

pull-down
CMOS input

ith weak
UART_RX 2 “_1 e UART Data input
= internal

pull-down
CMOS output,
Tri-stable with
UART TX | 1 slatlen UART Data output
= weak internal

pull-up
CMOS input
ith weak

sp1_ Mosi /| 17 [0
= internal
pull-down

Serial peripheral interface data
input

CMOS input
ith k
sp1_csi \ [¥3s | <C|[%"
- internal
pull-up
CMOS input

with weak
SPI CLK 19 Serial peripheral interface clock
- internat

pull-down
CMOS input

Chip select for serial peripheral

interface, active low

with weak Serial peripheral interface data
SPI_MISO | 18 ; FrTR
= internal

Output
pull-down

USB_- 15 | Bi-Directional

HC-05 Bluetooth module iteadstudio.com 06.18.2010
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USB_+ 20 | Bi-Directional
NC 14
PCM_CLK 5 | Bi-Directional | Synchronous PCM data clock

PCM_OUT 6 | CMOS output | Synchronous PCM data output

PCM_IN 7 CMOS Input Synchronous PCM data input

PCM_SYNC | 8 | Bi-Directional -Synchronous PCM data strobe

AT command Default:

How to set the mode to server (master):

1. Connect PIQ11 to high level.

2. Power on, module into command state.

3. Using baud rate (38400, sent the “AT+ROLE=1\r\n” to module, with “OK\r\n”
means setting successes.

4. Connect the PIO11 to low level, repower the module, the module work as server
(master).

AT commands: (all end with-\r\n)
1. Test command:

AT OK -
2. Reset
AT+RESET OK

3. Get firmware version

AT+VERSION? +VERSION:<Param> Param : firmware version

OK

. Example:
AT+VERSION?\r\n
+VERSION:2.0-20100601
OK

HC-05 Bluetooth madule iteadstudio.com 06.18.2010
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4. Restore default

AT+ORGL OK -

Default state:
Slave mode, pin code :1234, device name: H-C-2010-06-01 ,Baud 38400bits/s.

5. Get module address

AT+ADDR? +ADDR:<Param> Param: address of Bluetooth
OK module
 Bluetooth address: NAP: UAP : LAP
Example:
AT+ADDR?\r\n
+ADDR:1234:56:abcdef
OK

6. Set/Check module name:

AT+NAME=<Param> oK Param: | -Bluetooth module

AT+NAME? +NAME:<Param> name
OK (/FAIL) (Default :HC-05)

Example:

AT+NAME=HC-05\r\n setthe module name to “HC-05"
OK

AT+NAME=ITeadStudio\r\n

OK

AT+NAME?\r\n

+NAME: ITeadStudio

OK

7. Get the Bluetooth device name:

AT+RNAME?<Paraml1> 1. +NAME:<Param2> 7 Paraml,Param 2 : the address

OK of Bluetooth device
2. FAIL
Example: (Device address 00:02:72:0d:22:24, name: |Tead)
AT+RNAME? 0002, 72, 0d2224\r\n
+RNAME:|Tead
OK

8. Set/Check module mode:

AT+ROLE=<Param> oK Param:

AT+ ROLE? +ROLE:<Param> 0- Slave

HC-05 Bluetooth module iteadstudio.com 06.18.2010
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OK 1-Master
2-Slave-Loop
9. Set/Check device class
AT+CLASS=<Param> OK Param: Device Class
AT+ CLASS? 1. +CLASS:<Param>
OK
2. FAIL

10. Set/Check GIAC (General Inquire Access Code)

AT+IAC=<Param> 1.0K Param: GIAC
2. FAIL (Default : 9e8b33)
AT+HIAC +IAC:<Param>
OK
Example:
AT+IAC=9e8b3f\r\n
OK
AT+IAC?\r\n
+|AC: 9e8b3f
OK

11. Set/Check -- Query access patterns

AT+INQM=<Param>,<Param2>, | 1.0K Param:
<Param3> 2. FAIL 0——inquiry_mode_standard
AT+ INQM? +INQM ¢ <Param>,<Param2>, | 1——inquiry_mode_rssi
<Param3> Param2: Maximum number of
OK Bluetooth devices to respond
to
Param3:
Timeout (1-48 1.28s to
61.44s)
Example:
AT+INOM=1,9,48\r\n
OK
AT+INQM\r\n
+INQM:1, 9, 48
OK
HC-05 Bluetooth module iteadstudio.com 06.18.2010
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12. Set/Check PIN code:

AT+PSWD=<Param> OK Param: PIN code
AT+ PSWD? +PSWD : <Param> (Default 1234)
OK
13. Set/Check serial parameter:
AT+UART=<Param>,<Param2>,< | OK Param1: Baud

Param3> Param2: Stop hit
AT+ UART? +UART=<Param>,<Param2>, Param3: Parity
<Param3>
OK
Example:

AT+UART=115200, 1,2,\r\n
OK

AT+UART?
+UART:115200,1,2

OK

14. Set/Check connect mode:

Param:

AT+CMODE=<Param> oK
AT+ CMODE? + CMODE:<Param>
oK

0 - connect fixed address
1 - connect.any address
2 <slave-Loop

15. Set/Check fixed address:

AT+BIND=<Param> OK Param: Fixed address
AT+ BIND? + BIND:<Param> (Default

0K 00:00:00:00:00:00)
Example:

AT+BIND=1234, 56, abcdef\r\n

OK

AT+BIND?\r\n
+BIND:1234:56:abcdef
OK

16. Set/Check LED I/O

AT+POLAR=<Paraml,<Param2>

OK

Param1:

AT+ POLAR?

+ POLAR=<Param1>,<Param2>
OK

0- PIO8 low drive LED
1- PIO8 high drive LED

HC-05 Bluetooth module

iteadstudio.com
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Param?2:
0- PIO9 low drive LED
1- PIOY high drive LED

17. Set P1O output

AT+Pl0=<Param1>,<Param2> OK

Param1: PIO number
Param2: PIO level

0- low

1- high

Example:

1. PIO10 output high level
AT+PI0=10, 1\r\n

OK

18. Set/Check — scan parameter

AT+IPSCAN=<Param1>,<Param2 | OK
>,<Param3>,<Param4>

AT+IPSCAN? +IPSCAN:<Param1><Param2>,<P
aram3>,<Param4>

Paraml: Query time
interval

Param2: Query duration
Param3: Paging interval

OK Param4: Call duration
Example:
AT+IPSCAN =1234,500,1200,250\r\n
OK
AT+IPSCAN?

+IPSCAN:1234,500,1200,250

19. Set/Check — SHIFF parameter

AT+SNIFF=<Param1>,<Param2>, | OK
<Param3>,<Param4>

AT+ SNIFF? +SNIFF:<Param1>,<Param2>,<Par
am3>,<Param4>
OK

Param1: Max time
Param2: Min time
Param3: Retry time
Param4: Time out

20. Set/Check security mode

AT+SENM=<Param1>,<Param2> | 1. OK
2. FAIL

AT+ SENM? + SENM:<Param1>,<Param2>

Param1:

0——sec_mode0+off
1——sec_model+non_se

HC-05 Bluetooth module iteadstudio.com
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oK

cure
2——sec_mode2_service
3——sec_mode3_link
4——sec_mode_unknow
n

Param2:
0——hci_enc_mode_off
1——hci_enc_mode_pt_t
o_pt
2——nhci_enc_mode_pt_t

o_pt_and_bcast

21. Delete Authenticated Device

AT+PMSAD=<Param>

Param:

Authenticated Device

Address

| Example:
AT+PMSAD =1234,56,abcdef\r\n
OK

22. Delete All Authenticated Device

AT+ RMAAD

OK

23. Search Authenticated Device

AT+FSAD=<Param>

Param: Device address

24. Get Authenticated Device Count

AT+ADCN?

+ADCN: <Param>

Param: Device Count

OK

25. Most Recently Used Authenticated Device

AT+MRAD?

+ MRAD: <Param>

OK

Param: Recently
Authenticated Device
Address

26. Get the module working state

HC-05 Bluetooth module

iteadstudio.com
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AT+ STATE? + STATE: <Param> Param:

OK “INITIALIZED"”
“READY”
“PAIRABLE”
“PAIRED"”
“INQUIRING”
“CONNECTING”
“CONNECTED"”
“DISCONNECTED”
“NUKNOW”

27. Initialize the SPP profile lib

AT+INIT

28. Inquiry Bluetooth Device

Paraml: Address
Param2: Device Class
Param3 :__ RSSI Signal
strength

+INQ: <Paramil>, | <Param2>,

<Param3>

AT+INQ,

OK

Example:

ATHINIT\r\n

OK

AT+IAC=9e8b33\r\n

OK

AT+CLASS=0\r\n
AT+INQM=1,9,48\r\n
At+INQ\r\n
+INQ:2:72:D02224,3E0104,FFBC
+INQ:1234:56:0,1F1F FFC1
+INQ:1234:56:0,1F1F FFCO
+INQ:1234:56:0,1F1F,FFC1
+INQ:2:72:D2224,3F0104,FFAD
+INQ:1234:56:0,1F1F FFBE
+INQ:1234:56:0,1F1F FFC2
+INQ:1234:56:0,1F1F,FFBE
+INQ:2:72:D2224,3F0104,FFBC
oK

28. Cancel Inquiring Bluetooth Device

AT+ INQC OK :

HC-05 Bluetooth module iteadstudio.com 06.18.2010
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29. Equipment Matching

AT+PAIR=<Param1>,<Param2> Param1: Device Address

Param2: Time out

30. Connect Device

AT+LINK=<Param> Param: Device Address

Example:
AT+FSAD=1234,56,abcdef\r\n
OK
AT+LINK=1234,56,abcdef\r\n
OK

31. Disconnect

AT+DISC 1-+DISC:SUCCESS Param:_Device Address

OK

2. +DISC:LINK_LOSS
OK

3. +DISC:NO_SLC
0K

4. +DISC:TIMEOUT
OK

5. +DISC:ERROR
OK

32. Energy-saving mode

AT+ENSNIFF=<Param> oK Param: Device Address

33. Exerts Energy-saving mode

AT+ EXSNIFF =<Param> OK Param: Device Address

HC-05 Bluetooth module iteadstudio.com 06.18.2010
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Revision History

v1.0 Initial version 7/18/2010
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