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optic-based Fabry-Perot Interferometer (FFPI), Snack.
Miss Pronnaruimon TALHAKULTORN : Development of a prototype Fiber
Optic base Fabry-Perot Interferometer for crispness measurement Thesis advisor :

Associate Professor Dr. Saroj Pullteap

This thesis presents the development of a fiber optic based Fabry-Perot interferometer
(FFPI) sensor for measuring the crispness of snack foods. This application leverages high-sensitivity
sensor technology known for its immunity to electromagnetic interference. The operating
principle is based on detecting the deflection of a thin diaphragm in response to the acoustic
pressure generated by the fracture (crunching) of the snack. A fringe counting technique
is, subsequently, utilized to ‘convert the interference pattern change into a displacement value.
This parameter is then converted back into the sound pressure level (SPL) using the Kirchhoff-
Love’s Plate theory of material deflection. The research included designing a suitable sensing
probe optimized for crispness measurement. This involved testing various elastic and reflective
materials that constitute the probe. Based on material testing, an Aluminum-coated mirror was
selected as the reflective material, and a latex rubber balloon diaphragm was also chosen as the
elastic material. These two components were integrated into three different probe configurations;
model A, model B, model C.-Based on the tests, model C was identified as the most suitable
probe. The developed probes were then tested on three snack types with distinct physical
characteristics: deep-fried shrimp  crackers, potato- chips, and fried corn chips respectively. A
Texture Analyzer (T.A) was. used-to simulate-human chewing. The results showed that the
developed crispness sensor measured the SPL of the snacks in the range of 140-180 dB. The
average error was found to be 0.17% when compared toa acoustic envelope detector (AED) as a
reference instrument. Uncertainty analysis yielded an uncertainty value of 0.027 and a reliability
of 93.33%, respectively. Furthermore, the measured sensitivity of the fiber optic sensor was 0.20
micrometer per decibel. These findings indicate that the developed FFPI crispness sensor is both
highly sensitive and exhibits low error. Moreover, this work successfully applies high-performance
fiber optic sensor technology to quality control in the food industry, showing great potential for
future development as a low-cost commercial tool to enhance the standard of Thai food

products.
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MUIADIMITERNUY 17 113n F999 15 lenatifaveudnevsswunvuifed [22] lawa

' 0
A o (YY) a

sana 15,1 pusvRetsunss Symaudaieanimdudulsznaundn

M99 152 vunaULAe AT A uduusenoundn vie whafiviikiu
n3zUINNIMUUTTULAzUsanAusaIdudusEneundn

A 153 wsmuisidvadednimzaduluduusznoundn

FeuTngramnssuesruntuiRsadulnginisusiudunisglag
wAneaninazdiuUsddnlunsidensuussniuresiie Ao Auamems (Food quality)
U5¥N0UAIY AMAINAIUAINUADANEY AMNIMNIIUTEAMFURAAMAMNAILIATUINTT koY

[

AN MMIUsTAamALRE laun U sa ndu @ waznddgyliwiEsiinaniun fie Anunseu (23]

o

2.2 AuANBIMS (Food quality)

Ly

ANANYBIDMTHATHANT NN INNT UTEnausie AuAMNIeUsEamdulanann

q

AulnwuIns wazauAInAuANUaendy geainnssuomsilugaannssufidesriilads



audasasovesiuilaamniduiiay esnndanudssgeiiezieliinsunsededuilan
9819091492190aE TULTININNT1gRAIMNTINE Va8 TEIAN WU Aane ilofTiaes
wdosUszdu (ud admszomnsilonianesunsefuduslnald dadunsigmanmenin
Sumsrenaail wazdunsen1qdunid nuiasiviivuaiide viedesaiety Snit
915UUsELand e lfARN15WH 81913 (Food allergen) Auguilnaunaste deiladduiy
g4t [24, 25]
221  mIvedeuiledula (Texture analysis testing)

ANUAIIUNTOUVBIB1MT 813YARIEAIINARBUNNUSEEMEUNE (Sensory
evaluation) kazN15NA@aUNI3TNY I (Objective method) LU NITNAABULUUNITIALHT
(Bending test), N1INAADULUUNANEE (Penetration test), Wagn1snaaeauAudavey sy

[26]

(n) ()

JUT 2.2 MINAFUAMAINEIMNS (N) NMsnaaeuUseaduda (1) n1svedeuingJde

#1w: wwannasuuSNsSHane IMNShazdIUNEN AT ddnuRRuInemanswazinAlulaBuieA (@In%.)

o

N153A RN IMIstun1TingIdeerfunisuiaIecdeaunsalang q Wiunie

L4 a 1

AswH 017U 1A3e3TAAN pH (pH meter) At fitaAANTunIAfawateIms Fedos

o a A a ' o 1 o v A o ! [J d' A aa
’e]']ﬂEJLﬂi’e]\‘l?,J’EJ‘VILLSJHEJ’ﬂuﬂ’ﬁV]@ﬁE]UEJQLﬁﬁJB liasesdiadnmn pH WULATDIUDNUNNTEOU

MR CRRNGERIGED) LLazéhEJmimsaa‘uLﬂwﬁmfﬂLamaﬁqﬁﬂﬁﬁmiﬁnmwm [27] 138
1A30ITAAININY (Brix meter) AIAUSINaAalU NS WiTlas anIsUssLanenmsi
Yrumageusendureamanyiny wazenadinnuainndeuladmiuesiinnusudeu

= ) & = A Aa ° o o
[28] Lﬁﬁ@ﬂ@]ﬁﬁﬂﬂ‘Uiaﬂgiuaqﬂqs (Metal detector) ﬂ'f]LUuLﬂﬁ@ﬂﬂJa‘ﬂﬂJﬂ'J']ﬁJﬁ']ﬂQJjLUﬂ'ﬁﬁs']\‘i



'
tY 1

anuastulnnudustnatrgluldlminlanzluilauaimshaalus wwisawmsiasulanslu

U

[ [

9T qﬁ%’aﬁi’ﬁﬂmé"m%'ummﬁﬁﬁmw?iyuqm‘%aﬁmﬁau'm 9199zdINa AR I TUNIU

fuirdesilonsaaduldl 29 uazindesilioanunsevluguuvuresnsianduides (Acoustic

Envelope Detector: AED) fifinnsviausniuniesiiaeinisiaenodoniedinsziiie

Fuila s (Texture Analyser: TA) M5vauTInfuvessdasnioilodmalialdsnely

mMsamursuiiegs suiansuaadnludesdinsiidanldlussmelnedndie [30-32]
222  a3Unsau (Crispness)

Uﬂﬂﬂ%ﬂ“gﬁ’lﬂﬁ “Brittleness” Lﬂu@mamﬁaﬁWULﬁf@é’mﬁa (Texture properties)
Adetuilovldmednuanesnaniundeusudunisunninazneliiindes Tnoseg
nageuTinauniuldud emnsvuies osnen dualianeziiiedudanseu uazat
(uiciness) Wug Femunsevssemisuiainnuduiusiuanuduresems egalsh
munmduiusfnanaydmatunisseusuvesiuilanuazegmsiusnuwie s fandil

w59 Wwu vuudansau Tsea kazvunAuLAed Wuay [33]

2.3 Ldg9A27UnIau
VEYIAINNNTOU YULVULAENIDE LA NWULLANIZADNITRANTNLUSIENWTILANTNAN

wenaninmsuaseidssdaludedidnlunsiuiimnunseuuasanungunseu Wundau

'
=

MAFDUNHIUDINIATINTIINULALUUNN LIl TusINUInONATOUNSEUAL I UILANAIHIU

9 Y

v =

omadurdudesdainados muaudamaszamdudaiafunisiuitenniinunduas
wnnsaivesat wadansudesideegninulfidumstnidodutaesndn susivuuuide:
fnsiauonisivuamgniseimenawezidesswandatoduuuimsialunisfauiunu
AINUNTBU [34]

231  anuddes (Frequency)

P wiides A Sunuiunaadesduasiiieusioluniignidoniteuiveades
wazalu 1 s0ureIundl (Cycle Per Second: CPS) n38138n91 Hertz (Hz) Wi o198 il Pitch
sound geaziimuigauazazsunugitannnindesifauie iesnuywduazdnidiu
Tngasdfivasveinisnevavesionishiduiinaieauauseuia 20 Hz 89 20,000 Hz B9

ANULEEIUN5bAa1N (2.1) [35, 36]



Wi v, = AMSRFL (URTHRIUT: m/s)
f = Anudides (850: Ho)
A = AMNYNIAAULEY (UAT: m)

ACOUSTIC FREQUENCY SPECTRUM

ULTRASOUND

WWMMI.V ""M*""““\ fit=  MiD-Range: 40 TREBLE

JUTI 2.3 fegetaennunides [37]

U £% =

232 szauAUNLEsd (Sound Intensity level: SIL)

=

searuanuIAsTuUS I e nTguanRIALs A Es TaaTnseeu

o A

Anududesluniig wdua (Decibel: dB) seaumanutadsslutladed Ay idwmanons

Suduazguameesiyed nMsdilaneiuszauaudlideasieliiaisatesiuiiles

INBUNTIBNLAANELIRILA [38]

2
SIL = 2P (2.2)
2pvy

ANAY (U1@Ana: Pa)

b

®
=

I

AURUILUUVBIFINAS

©
I

233 S¥AUAUAULEEN (Sound pressure level: SPL)
ArAuduresrdudssiiudsuluainanusuusserniaund Araausud
WasuwUasnniignfe AIAINAIYBITEAU YR8 (Amplitude) wihefildfe difusonsg
wes (Vm?d) wieunaana (Pa) ameansefuanududesdnada (Prer) 990 (2.9) N15MITZRU
anufudssdeafisuiuanusiugisdad 20 lulasuranna daduaududssigaiuyue

Unfaunsalaoy [39]
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P
SPL = 20log (—) (2.3)
PREF
e SPL = 2AUAINGULESS (dB)
P = ANGULEES (Pa)
v Y a A o a 1 a
Prer = ﬂ'JWNWULﬁEJQ@WQ@QELu@Wﬂ'W LUDLEFYAAUNIINIY WA 20 lﬂmmama
Vacuum Hairdryers, Nightclubs,
Normal Moderate cleanners, blenders, sporting Jackhammers,
breathing A whisper rainfall traffic power tools events ambuleance

R R A R R R

Decibels
0 10 20 30 40 50 60 70 80
(dB) 90 100 110

l | | | l | l

The softest Leaves Refrigerat Normal Police Motorcycles, Thunder, Fireworks,
sound one rusting, a or, 4 quite conversation, siren, a hand dryers concerts, gunshot
can hear ticking office dishwashers noisy jet plane
watch restaurant
: [
I :
Soft, safe noise levels Moderate Loud Very loud, dangerous Painful, dangerons

over 30 minutes noise levels

JU 2.4 sefuasimudsvesidazinasiaia [40]

234 | audFvesrduides
autifvospamdss AduidesAendudenatuuaiuend 1Hann1sdures
WA LTALAZLNSHIUAINANMIENITEA-V818AIV80UYNTA FUAUNITIUTBILTL VBAUA)
wazfinela widiunsluaaanieldls audfvendesanuawiale 4 Uszameall
- msaeviou (Reflection) Ao waAnssuAdudsaiiandeuiianndanandis
aumuwiutesUShnansiifiruvunuunnasiinnsazieuvesndudsnintu Sana
azdasuly 180 aer uiddsaadouianndinarsfifianunuiuiuannludianansis

AUNUILUULBDEIZINTALNDUNEIUNAIU FUWEILTAWNLAL [41-44]
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1 [y 1%

JUT 2.5 fegianuaensasiouveindudsuilonadininuing [45]

- NSANN (Refraction) AB WEANTINVRIAAULAES WDAAUIAEILARDUTIDIN
f1na19andeludndIna1 9NN AU NUILHUAIY AR ULAE99ZIUNBDNAINLEUUNR

d' 44' A a A a o v a o = a A 2 v
Lll@Lﬂa@um‘r\]']ﬂU3L'Jmﬂ/]llQmwﬂNWqIUHQU3L3mWNQZUMQNa\T ﬂiaﬁnﬂUiijmﬂJﬂjqﬂJLi’JUQEJVLU

Y Y

§aFnananilanusunn [46]

Temperature 1

)

Temperature 2

i
1 [y Y A

JUN 2.6 feg1ednyuynIsviniiveInauie [47]

- N1uNINERN (Interference) A WORNITUNITLAROUNVOIAAULAES
2 YUAUAAB UM LA INaN A8 Ui AN ISENSNE@BALUULASUAY (Constructive
interference) WAYNIITHNINADALUUTNANAU (Destructive interference) IA8RILAUITLES LAY

A o a a v a i aw R o Ao v ou A A =~ %

ARUAEEHWELAEINUSENTT UHUN (Antinode) suvtsnvinaeiupdudessiinansaiiy
% a 1 'y} 1 o a %} 6 & 1 o a ‘:{I a r-:l'r-:l
AUSenI1 UN (Node) hagwiadnhilnewus (Coherent sources) Ao kAN HAAAWLALIN
AU ANLENIARY 8RS AIANGBITEAUdQIa (Amplitude) WINuNNAT Wil

9193gr NN uMalITuAUagAuuMas L lln [48]
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Speaker 1

E(U

DYIANYEULNITNTNADAVDIAAULAB [49]

@l
c
=b.
N
\l
n_)e

- N15.8UY (Diffraction) AB WOANTSUVRIAGULALY DARUESLAUNIG
WUFINAYIN ARWFIIIATRUNIAL DB UAARY N Wadiaiiusdiungnasioundy
TnaniseSunganunsaldnanvessesinud 8108171391 “Yn 9 auuniedueiadelaindu

a

aniaaaulminliaduanueindusazmlaae i’ [50]

-

JUN 2.8 Meageanuagn1sideiuuvesnaudes [51]

Foadudeddydmivuyudlilddmivdoarsludinuseddin nits
UBNANIF0sUBINTAMTFLsAlFBUIINGsN 9 vilms3uslddeensuaiuazauidn
Fsrnunseviuiduidssesmilswesemmsiiliisndudaldfosuaitazanuidnluns
$UUsEn1ueIMT UsuanfennutnFul sy AuaInLarANFDIN1TTv0sHARSu

amsfinwauilogansauaziiunUsegnalunsvinseuuinAunTauTese s [52]
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2.4 e nslnefaianuas Kirchhoff-Love’s
mslaswhvesandunszuiunsnsiasuntawesgusis Snuae uazvunn ediuse
UINTEYIfaTan 1YU LIIRU (Pressure), k33A4 (Tensile), k59nA (Compression) kAZHT
\dou (shean 1udu FanszulrunisdenaniainisadluniAInIumun (Thickness)
W39A1U (Resistance) A1AINULALLAZAIULATEAVBITAR (Stress and strain) LagA1dauogaa

[y

(Modulus of material) @15150UaAIAN BMEYRILTIINTEYINRDR TR [53-56] Flaguit 2.9

Y

-
o
Compression QI* i{‘:
1 3
U
_:LLT =k \ — )
&= — - -
— L =
Tensile Shear

U1 2.9 freglanyuzIasaiinsyyviedan [57]

namendasegaa (Modulus Elasticity: E)\lumsiauseinuresiandaveunauasis

93N F LA8LANIAIUENRUETENINANIAULASANUATEAYDITE [58-61] 69 (2.4)

o
E = — (2.4)
&
A )
Wio o - AMULAL
& - ALLASEA

YNANUUINI1@IUT D (Poisson’s ratio: V) A SASIAIUVDIAITULATUA bLLL?

AU NFADAUAS LA bULLILTT [62] 919 (2.5)

Ax/x £
y o A% Ex (2.5)
Ay/yo &y
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e Ax = szegBefiudsululunuining
X, =  szesdediddeululunuiunuds
Ay = ssezsuduluwwinng
vo =  sesSudulusuounude

2.5  amsduleudrtudsriindumesiselinas
Fnsraturdalouiinaminniui-ulsd sumesiiseiwesidundsluuszinnves
famnsrvdulenmiiiladinesiseiines Usenouniy 4 w3 Ae Michelson, Mach-Zehnder,
Sagnac Walg Fabry-Perot interferometer FINAIAU ﬁadﬁLﬁuUizmwﬁﬁﬂuﬁ’uaﬂ’mﬂ%mw
Tunisiandszgndldidudnssdolusiugnamnssy suillesnenmantadlaniiu
naeUsznig enfildu Ak lunisnsiady duyuem wazlassadrslddudeu [63-65]

FelAT9a51aNUFINVDFINTIRTUBTAAINGIAINITOREALARITUN 2.10

#owving Target
-
Light scurce Sensing arm
1x2
Fiber coupler I :
I/
Photodetector !
Reflector

JUN 2.10 lassasniiugiuvesinsiaduleuituailanhvs-iulsddunesiselines

¥
a a =< a

3n3UN 2.10 LaRIN1TWIUTBIRINTITUTdndlaedyyr1uiiinduiingin

T o

a

wiasrdauasmuwannuieinigluaslouii@unndiindumesiisefmesuuudu q 7
AUFYYIUNADILUILNY S?fqLLaqmﬂLméaﬁnﬁmwgﬂdamﬂﬂé’ﬂ Fiber coupler 1x2 &7
Jufuneginte Tnouasszunn 4 % gnasvioundufivaneinin iSondn dygudneds
(Reference signal: /) luvuzfinasiimdevzdwuludadaziou (Reflector) Wanazvioundu
g in 13undn dyarauda (Sensing signal: 1) Lﬁaé’ﬁgfymﬁy’aaaaﬂé’uLsﬁ”@jﬁﬁmiué’ﬂwmzﬁ
firusnaaiy (Phase difference: 0) Yinlinadwsildannsinazeenuiluguuuui Genin

Fyeuuninasn (nterference signal) [66, 67] FaLNTAMIAIAUTNLAILAIN (2.6)
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I =1+ 1.+ 2,/ cosO (2.6)

1INASPIAIAULTUVDITILNINFDANLANULANAAUYDUNE [68] FIgU1TanLARNS

(2.7
4nD
g == 2.7)
2
k) n = aweilinmnas (0 = 1 Weasnatadusinim)
A = ANAIUYVIAAULES
D = S28¥NIYIN

v
a

N13M1388EN15NTINVRITNY (Displacement: D) 3B IREAINUFUNUSAUITININGDA

() F3nldn FrPI Tunanuilegupdu (Period time) [69] Fsiuaailsian (2.8)

1Nt 1nzeenszdn (0) Mantuwiluaunisauauvasingsa (2.9) [70, 71]

Prgpr = '3R136513,2) (2.9)
dlo  Ppep; = AUAUVOUFLS (Pa)
Ro = Ymilveaing (m)
v = dasdutwes
E = AenaaveId (Pa)
h = ANUNUIVRLING (M)

2.6 255UN55NIT

A. Saita et al. FNYIUNUINVBY “AI1UNTOU” (Crispness) FuTunndnvuziuLle

LYY o w

a ] ' « a ” . Y o A =
FUNANANAF1AYAOAINNDIBEVDIVUN “ATALULAILUY (Kaklnotane)IﬂEﬂ“U ALY UL

o

535UTIR” (Onomatopoeic words) WIBBEUNYTEAUAMNATOULAZAIIUTUTBIDINIT S1UITY
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ﬁjﬂiwm&ﬂ‘ajimﬁauag Temporal Dominance of Sensations (TDS) && Temporal Drivers of
Liking (TDL) 1leiAsgsinisiuianunseuuazanuduiusivanuveuve siuilna wui
“sefunruiu” Wutafevdniidmuanissudaunseu Tnsdndeudssidonuty iwu
BETA-BETA (iilgauardu) fanuduiudidsauiuanueses luvnesdiditdonnunseu Wy
BARI-BARI 4@z BORI-BORI flAuduiusidsuiniuanuveuvaguilan nsImdsaneiuay
ﬁm@qmiWﬁﬁﬂé’ﬂMLﬁaumLﬁaa (electromyography: EMG) wuandaauduiusiuainuveulu
syfunils wilsidauwinnisussdiughesideudes muddedsaldsuinnsldidoudes
555uRT0AUIT TDS war ToL Wunwsiisiussansamlunisianudilasasyiune
ANUIANVRIRUSLNARBAINNTBUYRIRIMIT [72]

H. Michael et al. laAn®135n15Useiliu “A1nNnsau” (Crispness) 18 9Lates 1y

= = A e aa vy 1 o .
WIHUMIUAINUAIUITAYBINITNAFDUNIUAIDIUBDEDING IWLLﬂ mi@ﬂamﬁm (Three-Point

T !

Bending Test) Wa¥n13AA (Cutting Test) Fadunndayalswazides3eninn1suaninyes

heghanfeuiy nuATeildiate s ediiuls (Texture Analyser: TA) TifnaaLA38I95I95U
”zyapmﬁmuwﬁaﬁu (Acoustic Envelope Detector: AED) LﬁaﬂizLﬁummiwﬁmai‘maﬂa
Wazldes LU AINUFULEYIg9g0 (maximum sound pressure: Smax) 31UIUALBALFE
(number of sound peaks: NSP) b t33g9&A (maximum force: Fmax) mamimmamwudwﬁgﬁ
asiSanunsaduunmesndqauamianaeiuls Tnofimiusudesgsgn (Smax) uas
FIUIUYATBAKTI (number of force peaks: NFP) AN UALNUSTIUINAUAIAIIUNTOUIINNIT
Usziiunalseamauna (sensory crispness; r = 0.49-0.76) YonNil wuuvRdeUNSERETY
wlinnuduiusgetunndnuasidena luvaiiluumaaeunisdalsinaududinitlunis

%4 (% % U 6

avviouRNANYULAUANUNTBU Haansuansliiinds wisadmesniades Wy Smax, NSP
uazANaAEAUFIFES (mean sound pressure: MS) sttt inamnwaunseu
lpeegneliuse@nsnm (73]

P. Laura and G. Valentina @nwifiuftduifuquanvusduguainiiisatos
otdlndBafuanandinidasiaioniaibowadvemetidanayldunisnandviniu

a o o A a1 1

dvdrAyNaandanadaniseausuresuslnauanmileainsavid lnen1snaaeuazly

q

o a

LA3D9RTIVTU AED WuUaLAARAN Feurariu Texture Analyzer HiasrUTTan sUdoaide
Tuiinliseminanismaaeunstuniureniesiiona waznisusesidesfiinainnisinass
Wsnes Apple flash Fudowihiulngenaaing 10 Au ﬁﬁamwﬂmwmju uaznagauiuwLey
Lﬁaﬁﬁé’ﬂwmmﬁaﬁm A9 U (Fuji, Golden Delicious, Granny Smith, Pink Lady, Renetta

Canada, Royal Gala Lay Stark) basun153asiest Tun1sindsunudluwedla veanaif
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] v * [

wanseanlavzgnidsgeanyi 910 Apple flash sevineanisiudangninguiu nau
wwmﬁma%ﬁimLﬁiu%qmmmﬂé’ﬁgmm%ﬂaLLaz'ﬁ'aﬁaaasﬂaaﬂﬁ Fuinlindeuiu aegrelsn
muladnnguuslilanuauautiniunseulagldnisinsigiesdusznaunan (Principal
Component Analysis: PCA) 38M3L3sRan ndmsugadeyaratemiius nan1sidgnuindes
faseenusgninnisiavesywdhiannsoduivguldindusvinisvemudnuus
nsdszamduiavesnnunsou nnluanzdvouilaanusonenaunsouldegied
UsyBvBnmdmiunnunseulngiinstugnisiesgiiuinmadsuandeng lasanvned
nsdnwitsvendnisruauguatlludeya pea denauazidesfiaiadu Tailfid
ﬂﬁzﬁw%nwwiuﬂfliLLEJﬂﬂé’amaﬂuudsﬂaq@mamﬁ’ammmaumaﬁuﬂaa&haﬁﬁaﬁﬁm [74]

J. Chen et al. Aimanudsiususnnunseuesesiiuegfuusinszyh manseda
LagsIIUTATeIDEAaRnliFUNTUsEulRelY Acoustic Envelope Detector (AED) Hafineg
fuindestiasieviiuia Insnaaeufuvunilsnsou 6 viin fildde Car's Table Water,
Crackerbread, Digestive, Dutch Crispbakes, Rich Tea Frinsgers L&¢ Shortbread a¢14l5AnY
doyaauuse n1Insedn wazides sgniuiinnsauiuseninansuanvuntenseu dmsuusias
srensfinTIany dyaandedlusdnanatenanesiuiy nsieseidulfuswesaznig
nszdauandliiuinnsgonlessenine ouiussusuaasauduldassuagivignisl
ovAain vsuendmasnuiignuantdesrnueimavesvnmsaisasi e woinssuma
Foswosvundansouilisunisyssfiulunivessefuanududesg sgauassuiumsnisal

'
a = LYY

azgafndefnuidiuInluezeadin Ginasfnyinuitlunisnsnadudyyinezaaind

Y
¥ i ¥

WWadunessesadutasliadianatvesudtanseunseulasnvu [75]

H. Nakamoto et al. lAAN®INANIENUYDINITHANNE1UUSEANTUAE (Sensation
Combination) fifiden155u3aunseu Taesauiuil uss (Force), nMsduaziiiou (Vibration
u%m?lsmﬁuﬁchumsgﬂ) way wdeelueinia (Air-conduction sound). N1SNAABILA LA
p1anadiag 10 Ay Ussidiuwunvuide) 8 v Tngldmandniarunsoulunmdiu 4 i

(Sakusaku, Karikari, Paripari, Zakuzaku) nelé 3 Weula: (1) n1si@eaund, (2) msiaeawuudna

[
uVLQJSJ oA o

S o A a A ~ =
Audedluennie (@uiigay) waz (3) nsilaameideidnl’ Jayamaigniiliiieudisy

7 )
ﬁ’mzuum%qﬁai’mﬁﬁuﬁﬂ%ga W59, Nsduaziiou wazdsalundouiu warlduuusians
Gaussian Process Regression (GPR) Fa.9u Machine Learning dWevureainisussifivues
uysdandeyaiadosdie. nansAnwmuins3unaiu 1 Paripar way Karikari 9zgnitiu
sredesluenie vausdl Sakusaku way Zakuzaku %sﬁuag’ﬁuLmLLazﬂwsﬁuasLﬁauMWﬂﬂdw

g UUd1a89 GPR a@usaviunenanisuseiiuneuseamduialawivdlunnteule [76]



18

F. Ni et al. Anwlain1sisuIIsn15m5193UAUNTeU (Crispness) Ingldmatiauuuly
a8 (Non-destructive) lusauffalviuasaiuninsalnl (Optical fiber spectroscopy) e
NAWNUNITUTERUA8USLAMEURNE (Sensory evaluation) LUURRNgoinaefaedn
uaTedlgldnsinssvadnnsalugag 450-1000 unluwns warlddanesfiu Taun spa
(Successive Projections Algorithm) Lag x-LW (X-loading weights) Lﬁaﬁ'@lﬁaﬂﬂmuanﬂﬁuﬁﬁ
UsAnSnn (Effective wavelengths) lunmsanaududeuvestoya mnduiwasuuudiaes
nsviunelaglUssuiisuisnisaig 9 lawn PLS (Partial Least Squares), RBNN (Radial Basis
Neural Networks), MLPNN (Multilayer Perceptron Neural Networks) Na@n15& A¥IN U3
wuus1aes MLPNN eldsaufunsfnidannnueneduiifivssansnm anunsavhuwieaiy
nseureskatiaius "Fui uag "Oinguan® K@ IsANLLI LEF9EY 97.8% uaz 99.9%
iy Sedlifuiinatadfidneamgdunmi ifauidueisfionsainaunsey
Inglunpsyianananan [77]

Cai et al. lARNIRAILIITNITATINTULUURNALNATUIZHIIEEUAZITS (Acoustic-force
Detection Method) fidzaan witevhaanudrlanisasuulandoduiavosurnilugeiuly
FENINNTEUINNTOULIY Laen15naaeuldIsanlAdaIuqn (Three-point Bending) Wietudin
N31NUS-N19n52399 (Force-displacement Curves) WiauAuAY anlnsunsuidss (Acoustic
Spectrograms) 84 JALANYTIN HANITIRYNUIIAIMITIEADTNING (WU UTUDOUFIER WAL
Young's modulus) WAZAIFNYUELANIZNIUED S (Acoustic Eigenvalues LU Wave Crest Lhag
Signal Maximum) An9Aa tuiliuifindusgedenndesiu nasanssuiunisauLis Tnewy
puduiusTitmauin Bsugniifiamuuds (Risidity) wazaundus@asdassade (Structural

Strength) 1nTulag IARINAMNNG (desivaeseanun o gananinABediag wWunuluse

(78]
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1. Crispness, the | A. Saita, K. AanUshu: ANINAFBDIFINITOANYN LYY
Key for the Yamamoto, | @ UFUWUSIENING | AIULANAIVBIAIINAUTA
Palatability of | A Raevskiy, | ayqunseufiiuiuas | 189 "Kakino-tane" lilneld3s
“Kakinotane™: A | et al. ATNESOEUBTAREY | TDS WA TDL SAudedliifiuqy
Sensory Study JuuinaiieiFenin | Audeudesiliibudiesune
with Onoma- "Kakinotane" U35 TDS BndnanenisedulY
topoeic Words Aandsnay: AALAN FNYDILE aduTaTD
15 TDS 8nSnasens | 81115UINNI198YaN19TRY
DRUNUATIULAN ANVDY | JdY
W eduiaveie1mis
NNy anIeTng
qde
2. Assessment of | E. Cars, K. AAUSAU: nMsssuiioudeiadeaiiess
acoustic- Duerrschmid, | aaqyuand 19 uves | gofsfifoiuauaunsely
mechanical G. Schleining | 1a3g 4l o3 909337 | N1suenLoENan Sagiaaiu
measurements Aeafuanudnin | nseuiiiamninsiaiu lng
for crispness of LONWBERARAUT T | nadnsuandliiiuindsinase
wafer products ~ | 4 4 o e v
nsauilAn ety | veunseslliadnavinlialaAininy

BAEAILAUNUSTZII N
WISLHDI VDA 99310
INGON

AUTAY: LATDILD
:’I aak v %) 7
71980930 MKNARNSAU
ANluNITNAFRUN
LANANAUAUUTZLAN

Y2 DS

AULAY9gaan r = 0.89 LAy
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A a ¢
R399 2.1 @3UITIUNTININT (D)
a o ya o e a o a o
U N338 Aaudslun1side GEULCERL]
3. Nondestructive | F. Ni, et fanUshu: msanwdaninsalnUlasunisiaue
detection of apple | al. mavweeudleduda | Iiduwmadanliviharslunisnsiadu
crispness via Toelivhaneiuia | Anua1uivesweUidald Inonadns
optical fiber wsUia wanudunsvidulasnnsavvieunas
spectroscopy based fanusnu: NNEAUNATUTENIN 450 nmils 1,000
on effective AU UG US| nm NaN1TI98U19A ULEDNAINEND
wavelengths AMNIT VOIWUU | AR UNTUSEEnsainuarnisadig
TR0 WU LS | wuud1ae9 MLPNN @1113005293Y

woUla WA " uas

AUNToUTRILe UL UanIuANLLILEN

Farad! GG fadlotlunasousuueuida "9
3" Lay "vaniu" lnsdadnuudugilu
N13ANANT50lEaNe 97.8% uar 99.9%

AIUAIAU
4.Quick assess- H. Xu, Y. | #auushu: ATSWAIUINITUTEIUAIINNTBUVD S
ment of the potato | Zhao, et A15UTZL A UAIY mmﬁasm'ﬁmSﬂmwmaam%maaz@
chip crispness using | al. nTaUTedaInIs | danlaeldnislimesaesnisidmes
the mechanical NMINAAUTING | A UsIgean Lagndsnudesgegnly
acoustic mea- AvAAmN Wienan WiaUssiuaunseuves
surement method AU SurlSwaauia wuln1sNadeUNINg
ANEINITOEN u,aza3qa§ﬂl,a§f\1§ulul,aaﬂﬂizuwm 1.2
rnanslFeE [ 3unfl wazdurSmeniinnsnszaenng
fUssavsamew | adfdnsu Fmax fAnedenisads

W WDT Ao U
g9dn (Fmax) lay
Wl smadee e alu

PRI (SEmax)

13.48 N wag SEmax 93.51 mV-ms ¥11

Taguladn"aueuda” nauseam

saa o a

Fudaianudunusnnnuanfaae
SEmax udwanslmauindulule

ANNSUNITINAINUATOUVBIDINITBENS

[
a A

105 lne 1S n5RnanazazAaRnil
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A a ¢

R399 2.1 @3UITIUNTININT (D)
a o ya o e a o a o

U N338 Aaudslun1side GEULCERL]
5. Nondestructive | J. Dong fauuUseu: walulagnisangn inasioulas
Determination of | and W. myszdiueula | lowesanasuluuinadunsisalng
Apple Internal Guo arewmalulagnis | (900-1,700 wiluiung) gninunldiive
Qualities Using prenEzyoulas | Uszsiluusunavesainuaiin (SSC)
Near-Infrared lawesanaiu AURUILUUAINTY (MC) Lzl pH
Hyperspectral fanlsnIu: vosuoUila Wi nan133deuandliii
Reflectance Imaging USualwesmay | 91 SSC wag MC @1u1sannni1salla

27111 (SSC) AU
PUILUUAINUT U
(MC) wazA pH

UNIOITNEIRTE)

athusuglnouuusiansinmuiu
wanuanisidesiuunisainnisald
wieegil 3.49, 551 wag 2.06
PUAIAY NANISIVELAAILALAUT
Aadululavesnisidmalulagnng
mennazvouaslaesaunasulng
Sunlsnsaduisilignsiulunng
#w1e SSC, MC uaz pH vewaUia

n3auiule

INNITNUNIUITIUNTININTURALAN BN BTNV TUTINTHRIULATDIID

Faaunseulugluuuiivaanvate sandduandliiiunnududouveanisnagounaznis

LINKEZTILUNNITVINABIVIAOUAIUNTOUYDIDIMIS 085NN 155UNTIUNRAENUTTILA

naludeduduniswaunnieuandsema MlmAtLuIn1lun1TNAa s U 1IN 99U

A v )~ v = A4 A o Aa a a a X
LW@IMQ@&WWﬂ?iN@WM’ﬁﬂWEﬂu‘digL‘VlﬂllﬂWiLGU']ZNLﬂﬁ'ENQJ@'J@F"I'ﬂllﬂﬁ@‘UV]llUﬁgﬂVlﬁﬂ’]WEN‘SUU
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PUTLULTAB UM BSHIBTLABSANNSUIASTLAULEYIAINUNTOUVDIVUNIULAYY ANUITOWER

LNUNITUADUNTA MR UULARIT

AAUAYDULYA ﬁﬂw’mqwﬁ b NN U

ONLUUTTUULATAIIA

nagouTandavey

NdeUIARAIOULA

YAFDUAYIN

YARIUTLUUINAINNNTDU

FATRLALNUSIIHANITNAAD

asunan1Innaed

d‘ o :’I o a
E‘LJ‘V] 3.1 NUNITUNDUNITAUUIU

91n3U7 3.1 uansdumeuntsindiununstmuninsatvdmiviannunsey &
asnsoutsduneuvdn q sanidu 8 Suseu FuannsimusteuRves AN iNuSIAY
Anvmguiiiunuszgndldlunmsiaundinseinanunsoudmguiildnanlvluuni 2
TIANNUHULALEDNLUUNTNARBY Iagdinsiaduleuiniuasyianui-iulsiduneise
fwmadgninnldlussuuingeinanunsey uenantunuingdnusiddinsoonuuy
afndsfinnanaaeutaginnguuaznnaoutanasfiounas 5 2 nanaaesiiuifios

99AUTENOUVRINIINAINTITUWILY Tunisaasuiiniainns 3 luwavzgnnaaeuiiu
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YUUVULAYITRLA LI U DL US S U B UM T AL AUAUN1SATIIALEEIANUNTIU Lol

Ao o A

wianminzanazihlunaaeuiussuurunuRgINilanyae ILANAIY LagHadNETLARIN
AansiaduivauTugniiseuiisuiunieslieingneds neulluiwmsieinaendy

TUSUNTU MATLAB kazagUNanIsnaaed a1unsnuandsneazidentunaun1snaodlanadl

3.1 N1599NBUUTTUUAINTIVIULAZIIIN
ANSNAUIFINTIFUTELAIUILAIFINSUTAAINUNTOU hUIDDN 2 @IUNAN ADAIUVDY
SEUURMINTIIUTELMILILES LATAIUVRIRTIR B951888B8ANTTOBNLUULAIT
3.1.1  A99BNWUUTEUUMINTININANUNTBUY
ANSDNLUUTTUUAINTIITULOWNIUILAIAULUUAI NS UTIAAIIUNTBU tae
Aan5193uleuniuassiianuiadlsndumesiselimesgniunldluszuudingiadn
:’/ dy n’.// d' a I3 dy [ LY 6" o [ A~3
AMUNTEUATIH uanaNtuATaTiineilleduidemisuarlualasiiugnuunldidu

[
a U v 4

A599319919991U HadNFILLARIHIUIUTLASL MATLAB 8819L5ARIUN500ALUUFIASIATU

o—
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v

MU TUEINTOLARIRFUT 3.2

"
"

Elastic Material
Sensing Probe P

Laser Diode Sowrce

1x2
Fiber coupler

W

Photodetector
Microphone

~—

Texture Analyzer

ﬁ
uter

Acoustic Envelop
Detector

Data Acquisition
System (DAQ)

Dedicated Comp

JUN 3.2 lassafesyuuinsndulonihuasiuiuuriianui-lsidumesiselines

ANSUINAIAINUNTOU
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maﬁwmmaﬁwugﬂLLﬂqaaﬂL‘f’lu 2 @ lAwA @IUVD1AT9a ND19DY WaYSEUU

ATI99UAIUATOU N1TVIUVBITEUUIZLTNIANNLATEN Texture analyzer (T.A.) V11

= CX

91899N15LA8IVBINY¥EIDIAENITNANE Y YIIALANATUEEIIINNITRANTNVBIVULTULAY?
d' a A a £ a ! A A o v a & d' U 4 a !
ﬂa‘LJLﬁEJQ‘VlLﬂ@TuL@u%’]\m’maﬂﬂ’]ﬂlﬂ‘mlmiﬂﬂﬂu%‘ﬂ’]%uqmL‘U‘uLﬂi@ﬂi‘Uﬂﬁ‘ULﬁUQ LA EIUUDY

5EUUAINTI93UlEUAIILEIIEATIITUNSIAR B UNVRI TaRaY IR ULAY Tnadsninunsay

Y]

wiumakuanalugsTandangudimaliiinnisifsunlaesssesmas ieulanineg uu

[

andaneu n1swasunlaswesszaznisnszdnilidyaraiaiilawasuluanifussesves

MdzioudygrunsiniildvulUazdmaliiiniunsnaoniu F3n15v191U097995293U

v
v

ALAUNTOWERNILAGIAL

Elastic Material

Fiber Cord Chamber i

e

Sensing Probe

\
\
N
Sound Wave ‘

JUN 3.3 dnunizin Iaiian1svduileninidesninunsey

NFUN 3.3 wansbiliudneaen157NuTeIRngIdu Saunsnaeafiintuainides

AnunsevIzgnildidignssuaunisnetintduiwnsnaen lnveAelusunsy MATLAB Tu

NIATIIUAGIGAVDIFTY Y8 (Peak detection) F1uAIGeAATIlagnUNtng (2.8) Mszey

Y

n13nsgdn Weldszeznisnszdnazazgnunuaily (2.9) wielvlau@ainuduy tsulas
AAUAUNLA T uASEAUANNALEES (SPLe) FviTumuanuduiusves (2.3)

3.1.2  A1599NLUURIIARINSIFIU

(Y]

M52V LA IUILEIN AU TUTINTEDNARUUIIA 3 TUwma teeni1sunIan

q

& oA =

agviounaaz Jandaneuiiunsmaaoundiunduedusznevvesiiia duiiiafign
fautundemiinfiangausumstassduaadudsnnunseu shia 3 luea léun
Tuma A unisilassaieiugiuessnsaduleudituannld Tuvasiluea 8 dns
Wislassmanainiduiuaz e anasvieunadieglulasmanainiioliiinanansasuides

TansaunTu wazluna C danwauraatenuluwa B kAN 1siiuntSuLldg9dneeaane
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alnslagAindtagdieiiun1sSuldewingwu nsnageuns 3 lunaszgniilunaaeuiu
unviaiedny enlunannsiainanunseulaanan aunsauansninudazlunalad

gﬂﬁ 3.4

Reflective Material

I
Collimating Lenses N
i

Cham ber

N —

Sound S ource

(2) Feflective Material y
Y
\1.
Sound Source )
P E Collim atins
Elastic Material Lenses
Plastic Housinz
(m)
Reflective (UELEE
) Cllimating
) Lenses
Sound 5 ource
Plastic Housing

SUT 3.4 wuuridans 3 luwa: (n) Wialuea A, () vinluwa B, (A) Winluaa C
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3.2 MaRaulanEavEy
miwmaaui’aaﬁﬂmjul,ﬁamaauqmauﬁ’amaﬁa@@‘wajuﬁgﬂﬁmﬂ%’lﬂuﬁuﬁaLﬂ?{auﬁ'
(Moving target) Ingn191A&@0 UL AN IUDT ATAIUNUT ATAIULAL AIULATYA B7TT
drulisves uazdAwegdavesds lunsvaaeuiandanduasganuuinsgiu ASTM:
International: American Society for Testing and Materials 6‘?}&Li‘;lummgfmiuﬂﬁmaauLmﬁq
(Tensile Test) ﬁﬂ%%Ufﬁ@ﬁﬂﬁ&ju 91/ 81A309 Universal Tensile Tester model: CY6040A12

anansauanwiiegesasloIng19Blanagun 3.5

g‘dﬁ 3.5 Lﬂ%@&ﬁ@fﬂfﬂ@@ﬂﬁsju Universal Tensile Tester model: CY6040A12

3.3 MInagaUlanasViouwes

U ¥

nsnaaetianasviouadlmirTanasiounasnaaeundyyiuvidinud 1 185

9

A1ANGIVRITEAUATY QI (Amplitude) 2 Taad ving1 10 ASY viliudaUsedngainnis

o

[y

dvvipunasivinzan InenegeuiiiaSeuliiguTanasyiouuas 2 Usean fie Janasviouuas
wUUTRIUNAs B uLa UUUSTULAzNSEanAdauagililloy Tunsnaaesviianasviou

wasiaiiudlng ansnsauandlanagui 3.6
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0

Light Source
v

Mechanical Vibrator

Collimating L enses Owptical Coupler

. O
> Fiberline
eflector

JUT 3.6 MINAaeaianasiouuas

Photodetector

NISNAFIUNAIIN
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N15NAAD U ALTUNITNAZDULNBN T ITANLULNZAUAUNITTAANNNTOURITARY

gninAafai iU uuAInTIainnUn S URTAILIRY Nsvageuritinasnagauiuiudi

N0ANTBY LuN1SNAAaULIIIUIY 5 ATWalINGa Hadnsuoudarlunavzgnuiluni Al

« d' | = ~ d = o &
ﬂ']']ﬂJﬂ’]@lLﬂaEJULQaUGU@QLLmagillL@a %QﬂqﬁLﬂiﬂ‘ULVIHUﬂ')’]NﬂqﬂLﬂaaum@qmaaWﬁLLmagimLma

wUtsnuInrandmsuInaunseu lnausavlunavzgninluusenauiludiuves

wuninvessruuimnmaduloninhnas ansauanlanegui 3.7

Laser Diode Source

Model A Model B Model C

E,_ |

Plastic Housing

Collimating

Lenses Collimating

o
i II
B ||| cnmve
Collimating | | 'l Lenses
Lenses LV,

Plastic Housing

" 2

\

Sensing Arm

1%2 —_— Reflective
. . ) =i H Material
— |

Texture Analyzer

Data Acquisition Dedicated Computer Acoustic Envelop Microphone
System (DAQ) Detector

JUN 3.7 Megrauansiumiinsunuivesinie
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3.5  NISNAFIUSSUUAINGIIAAIIUNTDU

[

seuuAInsaTaadunseulaeentuulitisdugniiuiusenauiuiiinng

[
P=~1

ANILUINEEUEINSUNTINAIUNTEU enAdaUsEUUMATIAIAAUATEU lnensnadaull
U TTUUNRAUNTULINAFDUAUVUNYULABINAANBULNNNIEATNLANAINAY 3 FTa A
T1N38UNMoANTOU TUNTIMannTou 11IlNALNUNEANTBY AUEIAY IR0 19HARNSH

TALANAINTINTUTINAILIVULAZANLAS B4R TN 19BN TOLARIAITUT 3.8

M Pos: —100.0ms

140

\/ 120

100

A 1dBe o 9AUANTIN

80

Force(N)
SPL(dB)

Time(s)

r:-.n 1.0 Ijs
(n) ()

SUTN 3.8 FREHAGNS (M) HAGNEIINAINTIFAUADIUNTBUTNAIUITU (V) HAFNEIN

Y 1

I I
LAFBNUBDIND NN

HadngNlnaniaIeslloing198ehavHad nsaNAInT19TuzgnUlUTAT 189
WIHUEUMIAIAIUAIAA A DUVDIH INTIIUAIINNTDUNNA UV FIFIU1TOWEAIF IDEN

NTAATIAHUIUTIN T MATLAB ladiagui 3.9

Crispyness signal with Number of peak
B3 w6
0.4
"7 s Y3y

Iedhedl)

03

01

°
N
=3
':“_og
= N
“
=3,

Amplitude (a.u.)

o 0 B W N 4 O

6 6 b b b b

°
]

0.4 0.45 0s 0.55 0.6 0.65
Time (s)

Number of fringe (N): 56
Displacement: 3.6731e-@5
Pressure(FFPI) : 1.8331e-09 Pa
Pressure Level (Lp) : 163.8427 dB

Y '

5UT 3.9 fegrsnadndiilsanlusunsu MATLAB
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JUN 3.9 uansiegmadnsilaannsanavaedeudygiasinisunsnasaiiia

NLELIANNTIU 9819l5AMIL ANANARIALAARUIEUIUandIAdulULATuNsa5

fnTRIusuLUUIIEsaliawnuATesla Tanlleglaviels

3.6 gunsaln1vAaag

e szuuiasdulouiiuasdanui-lsddumesiiselines auiina1nan
TefunIsesniuUTTUUMnTIITukazsedeuiSmavaaey nisanliunisdnandnduses
odLAdoaileuazqunanl luduilfsethiaueseasBunandnume g (Specifications)
vourdasionargunsalddnyildlunisnaaes fedeluil

3.6.1 130l Tnguadudnyalilii (Digital storage oscilloscope) SintnTiuandua
wazduiinguaduussiu/nszianiana e inA1nnugewesszfudyaia (Amplitude)
Al aletu/as wagdygmsuniu lasfluuudiad (Bandwidth) uagdnsnisauu
faimuaauazdeanat lunmaassiiniasdie aguaiugninnlfifeuasdgnuas
Wulihdmiunsiaguaau Jswadndannsaudnaiivevieidontuneufiumes e

Fanmswnsnaantuasgiisialy ammmem%aaﬁalﬁﬁagﬂﬁ 3.10

UM 3.10 in3esilednguadudyanallii (Digital storage oscilloscope)

L1 . [ 1 = 4:4' Y =
3.6.2 UDIANIIULEAY (Optical bread board) WUULNUFIULTEUNAANITAURL LTI O Y
fnzunsegndeddmivengunsaleauiin Fredninamazasiunuiesnusenaueslin 1wy
ud Ns¥an wavozuaUmasAUUR iaeilananasiBey Ranudnyuditoanuasasyiou

anansauansAIesilolangun 3.11



30

UltraLight™
Optical Breadboards

SUTI 3.11 UasAMI9uA (Optical bread board)

Y

(ﬁm: https://www.thorlabs.com/thorproduct)

3.6.3 gUnsaiiweusalawiiyl (Mating sleeve) innifdauulneiiarotnaULLALADS

gownulviogunuieaiu annstesAuduazasin amnsauanAToslialanagun 3.12

JUN 3.12 gunsalwewsialoundtieas (Mating sleeve)

3.6.4 @nedsdey ey raulounaunas (Fiber optic patch cable) anedsdyay1ad1nsu

1o 1

Towiasiunfie) nifAsdsdygIamIassznig FC/PC Tds FC/APC Tagliles

M UAINTIRTU amnsauanesesialinagun 3.13
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JUN 3.13 eedsdtyaaddeunitiuas (Fiber optic patch cable)

3.6.5 YAAIVANUNAIAILEATLELAIEeStalon (Complete laser diode operation
starter set) LuszvunsURdmuTuLazAIUAUIAwDSalonITIRMLINET UsEnaumie
yatuLauaLes (Laser driver) n3zlansiioimun/snwmnszuadu uayasastdeunduain
Tlélalon tiemuanmamas fmuANgUMYILUY TEC $312495A9UAN PID Fr8AIUAN
gunnT aAn15AINATBIANNENIAAY Anduendna wargUnsal unaandaauas
wwiwaslalen vivihilduundsiidawas nifindnvoueieslofeaiisannznisviiend
\efsuazUasnfodmiunsmaass ileannuidsrnevesgunsal aunsouanaindesilold

[

KesUR 3.14

U
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(®)

a

JUN 3.14 YemuaumsLdaduaaigas; (n) YnaruaANnsERaasaindnae
waslalen, (v) ynArvaNgungivesvEIiindanasesialen, wax

(n) gUnsalLvasmladawaLAesinlen

3.6.6 9UNT0INTIATULAS (Photodetector) FINTIATULES InAuAIALLTNLAS
Judgg el wasdeesnluduniediofagudygralnin Mdudnlnlndidnnin

anansauanesailolansui 3.15
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gﬂ‘ﬁ 3.15 gunsaingaduleas (Photodetector)

3.6.7 1A30IATIEMLREUNAD IS (Texture Analyser: T.A) Wugunsaiilddnsu

¥
v @

I188INITUARLIDNMNTVRINY Y BNTINEIENIT0ATIEIRTINLTEMTUNIINADIMTIUAA

nsuanyinlel ansauanaasosilelanagun 3.16

g‘dﬁ 3.16 \AsaNIAT e adURED11S (Texture Analyser)

(#131: www.stablemicrosystems.com)
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[ |

3.2.8 50vinAauLEsS (Acoustic Envelope Detector: AED) tuin3osilo nandaymyo

a

e Ingldnisuszatanaidvia AED gninanlddmiuiuiindesvesuunvuingivazuaniin

v

lngldswduniesdinneiilodudanivis (TA) Mluwaseslodnaeenisiheivesysd

AN Yo a{'
ﬁ']ll'ﬁﬂLLﬂ@QLﬂi@QN@I@@QE‘UW 3.17

E‘Uﬁ 3.17 \A509TnRALLESS (Acoustic Envelope Detector: AED)

(Fian: www.stablemicrosystems.com)

(%

1NATOBNULUULAEAAAIYAN1INARBINTUTIgazLBEAT 19U szuulaavgniily
neaauivvuLIUAgidudutarudulUlaLasneae uUsEANS A TNVRITLUURINTITU
Tou ke sianIUs-1UlsAB U NTaTMSA NS UINANUNTOU FINAANSVBINITNAAD

a 6 o a ! ~
LLﬁSﬂ'ﬁ’JLﬂ’i']%Vﬁ]%Qﬂ’i’JUi’luLLﬁ%‘LﬂLﬁua’iﬁﬂa&@ﬂﬂﬁ]@l‘lﬂ,UUVM 4
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uni 4

NaN1SALHUNISHaZaNUS18NE

uan1sefiunisvesinerdnusiuudeandu 4 dau Ao wansmnoautagdangu
HANIINAABUTANAEIDULAY NANITWAIUIAITA LazHaNITAMLIAINTI9TUTowAIULaY
dm¥uineunsou nadwsTildansauandladedl
4.1  WaNIARUIHNEANEY
wadnsildannisaaeuandanguazsitlinsudaamun A1nNe1 wazadna
nfeiasuluvesiagdangu demsintuinnounasndsnmawionfaniinnsinesidefidu

winledn ansawanalafagui 4.1

gﬂ‘ﬁ 4.1 ipdesinnduidss (Acoustic Envelope Detector: AED)

Lﬁam’mmé’mdfnLLé’ﬁqﬁflLsﬁwf;jmzmumimsmé’mwdauﬂﬁ%aa ASNAFDULARNI LA
AIFUN 4.2 InERAGNEIINNIINAABUAINITORAAILART M15197 4.1 (38aetBuANanITVAaes

AIAKNUIN N)
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JUN 4.2 Minageuiantaveulaga1fein3ed Universal Tensile Tester

M50 4.1 Han1snaaeUTandnngu

Aa5U"Y Hyanwal AuUS
Adsegdaiade E 273 MPa
ANUNUIVRI AN R LY h 0.22 mm
danduihfueuade v 0.28
AsrilveInsdanlnaa Ro 1500  mm
ANENIAAY A 131182 nm

4.2 Wan1InadaudnnasTiaulE

[y

HAaNSNLAIINN1TNAARINTANTN ANTEAUALEITEE Y10 (Amplitude) 71N

M3iaflduUNEEaULAILUUUSEN SAnAugsvessERUdnn (Amplitude) 11U 0.2

U ]

[

Tad luvaugfinszanindeuegiilouiriniuegsvesseaudyaias (Amplitude) Wiy 1.5

e

Tad vildfiuinnszanindeuisnsnsavviouvideAnrmigauessiudagyial (Amplitude)ii
ganidnunifiduuasfeulauuulide uenanisuiuinsusnasnueanszan
\ndevegiileuiifiunniiiduuasiounauuuUifuassvih dufinanusingnisaiduida
3unsadu (Double reflection effect) VilvinadwsiléiaaruazBoninniu fsn1meaaey

aunsaunandlanagun 4.3
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ARNU9A R ULAILULLTN

(Prismatic Reflective film:
PSR film)

{

A a a
NIZANARDUDYNLUEIN

(Al-coated Mirror)

JUN 4.3 nsnnaesianasriauiad

n1sneaeuianavisuLas 2 ¥ia vinlinsruinseanindevegiiileuiiniig
WU AU T ANUIRUUaSND ULAMUUUITN dyeyasTnginindiA1anuaaves

sEaudyey s (Amplitude)afiestmauteinssaneadovegiiioy vinlidenldilunszan

P a a a a a‘dy Y ] U ca v (% PN
Lﬂﬁ@U@QNLHEJiJIu’JWEJ']UWUSU ﬁ’]ll’]iﬂLLﬁﬂ\‘iﬁ]’J@EJ’NNﬁﬁWﬁ‘WlW\]’]ﬂﬂ’ﬁVIﬂﬁ@‘Uﬂ\‘iEﬂﬂ 4.4

= O oo o ot il | > v

240 Prismatic Reflective film : PSR film

Amplitude (V)

JUT 4.4 $79E193INTUNINARAIINNNTNAGBU AR o ULAS
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43  NANSHAILIEIINAIUNTDU
AsWauTIIaRa 3 Tuna 9991 IfuLERIENBAIZNISTIULASLUINIINISNAGDU
Usransnmuasiinusazluma nadwidildannnismageud 5 ass vesusazlumaanunsa
wanalgsed
431  waawswinluma A
lassasroiiniunanumidaiinvasamefantiavguuasfnlanasneuuas

Linsenans anunsouanslansgun 4.5

Glass tube

JUN 4.5 dregramialiing A

nadnsvoiiinlaing A WenedoufusiunSmennseudisiuau 5 asa e
WisuiiouRunIosiloTneneds nadwsile ol @ernunTouvpELANT YeUUNTULAE]
in3osilofndededalaeglura 160.67 - 16507 dB waz fnTI9duaunseuluinail A
annsoamadusziunisudesldoglutis 146.10 = 160.63 dB AAruiiananRAEYNT

6.80% @UNSOMARINAGNSANTNAADULARIANS 19N 4.2

ANS9% 4.2 WANSNAABDUIALULAA A

5 FTAUANNAWEENRY | SEAUAMURUEsY | y
R 5 . AIAUAIALARDU %
713733U (dB) 87994 (dB)

1 147.96 165.07 10.37

2 160.63 160.67 0.02

3 146.10 162.44 10.06

a4 159.49 164.22 2.88

5 146.46 163.70 10.53

PR 15213 163.22 6.80
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432  waansmIaluwma B

[

lassaireiinviunnnatainlauinvasnnig Jangavguiasinian

9

agviounaslingananatnly Felaseaseendunsiuihuy 3D aunsouanalanegui 4.6

CYRY

SUT 4.6 sagraidalieg B

nadwiuaitaluna 8 Weneaouuifudfmennseusisiuau 5 ass e
WasuiTsuRunIe i nenses Nadusle o @9RunTouTAELANT YOIIULYULAEIT
in3esilofndnsdetalaeglugas 160.33 - 168.48 dB way Hns1aduaunseulumad B
aunsansadusEA U Isudssliedlutie 163,04 - 17080 dB AR WRANAIALRALIVINAY

1.89 % ANUITOLAASNAANSNSNAFRULARINISI97 4.3

AN 4.3 NANISNAFBUIMIIALILAR B

. FEHUANNAUA | SeRuANUAUEsY | y

AT . . AIAIUAIALATOU %
73733U (dB) 27984 (dB)

1 169.25 164.60 2.82

2 164.98 162.98 1.43

3 170.80 168.48 1.38

4 163.04 164.53 0.90

5 164.98 160.33 2.90
lade 165.95 164.08 1.89
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Winlna C lassasrawiniaiunainnatadinUauinvasnsie Jandavgu

[

warfndanasviounatlinsainarsdrdundreduluwa B uadielassasiednuuensailng

1 U =)

FeanunsovieSuidedlauindy anansauanslanaguil 4.7

.
Sensing arm
[
4 /

Elastic material

Plastic housing

SUN 4.7 fegraidnlieg C

NAANGVBINIALULAE C L aNAABUNUNUHNSINDANTBUTIDI1UIY 5 AS3

P = = o P A o Y oa v say v = )
WBLUSEUNEUNULAIDINBIND 1N NaaWﬁWlﬂ W LA INUNIDUVULLEANN UVBIVUNYU

Wweniaselning19Beinlaagluyig 167.38 - 169.47 dB ua fMinsI93uAUNTBULUNAGT

C am'mmi’;ﬁ]é‘fmzﬁ’ummﬁuﬁaﬂé’agﬂmﬁw 166.30 ~ 170.80 dB ANANURANAALRAY

WinfU 6.80% aunsauanIadnsn1sneaaaulaean1sIen 4.4

AN 4.4 NANSNAFBUIIA LIRS C

. FEAUAINAULEEN FTAUAIINAUADY | y

AT 5 . . AIAIUAIALATOU %
I915393U (dB) 87993 (dB)

1 168.49 167.38 0.67

2 166.34 167.56 0.73

3 166.34 167.87 0.91

4 170.80 169.47 0.79

5 169.25 169.23 0.01
lady 168.24 168.30 0.62
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nanIRaILImeTIdulawAnhasdiuiaaunsauusazlumanudl lna A dan
AuAARABUTITU 6.80% AumawAsuTiinTus adaanlasEd westinTeduiid 2
drufiwenesnainiu ylinissudygrandesnnunseuduldlid lunasiiluna B fen
AuAALAEDUTITY 1.89% SnnsSudaaudeddruiniu Lﬁai’aqazﬁauLLmLLasﬁ’ﬁ@gﬂ
vrndseneudiedlulasanatadin vlaiuniisuldeddalaenss wasluaa C flen
AruAALAABUTIRY 0.62% Feiaialanea C fennumandeutiosianindenl fluaatiy

SEUUFINSIUtekMIFE s UTRAIUNSaU

4.4 WANITNAILININTIDIUTELAILEIEINSUINAIIUNTDU

ASNAIUIFINGI93U e AERaA NS UTRAUNsaulinsii Ia luwa C Umaaau

a

AUYUHYULAEINT SN YL NLANANAUN1NIEA N Te1snTauanslanagu 4.8 uag a1unsa

WAPVULVULAEIARIIUN 4.9

Texture Analyzer

P

Laser Diode Source

JUN 4.8 szuumnradulouinduasdmivinaunseu
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JUN 4.9 yunvulAeIvia 3 wiladmSummegeuaunseu (n) G1anseulamennseuy

(@) JuSImannsoU (A) T1IlNALEUNBEANTBY

441  NaNIVAFOUUUNVUALIYHAT 1 P1nSeulamennsey

HAGNEIINNITNAFOUAINTIVIUAMUNTOUAUTIINTEUNINOANTOUL

10 AT Q4 WHEIAINUNTBUTUEKANTNTDY T1NTEUNIMEANTOU TIinTslladndndainleag

Y
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Tu%n9 162.44 — 175.87 dB kazFAINTIAIUANUNTOUAITULATENING 162.45 — 175.16 dB

AIANURANAIALREEDET 0.26 % UazdiutleuuunInTgIumaU 0.28 N1SNAARUAINIIA

wandlanannsnan 4.5 uag3uN 4.10 aua1u

M50 4.5 HANIINAADUFINTIITUANIUNTBUAULIINTEUNIVDANTOU

10U | 5TAUAUAULEYID19DY (dB) FEAUAUAULEYS FFPI (dB) | Error (%)
1 173.30 173.53 0.13
2 169.48 169.64 0.10
3 174.17 173.38 0.45
4 170.67 170.57 0.05
5 172.59 172.79 0.12
6 175.87 175.16 0.40
7 162.44 162.45 0.00
8 165.11 164.79 0.20
9 162.75 162.99 0.14
10 173.15 174.86 0.98

e 169.95 17002 0.26

SPL (dB)

180

170

160

150

140

130

sample

e FFPI
A REF

JUN 4.10 nasmsiinsaduilseuiisuiuinsesileine19dsvestninigunmennsay
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442  wansvadeuvLIUAETnd 2 Sulfmennseu
nadwsInNIMAdeufInTIaTuAunTeufuTurSmennsoudn 10 Ade
u (@BannunseuvazuaninYes sulimennseu finiesdietnsrsdeinliogseninetag
151.45 §9 159.83 dB LafINTIITUAIUNTOUMITULATENING 151.33 63 159.78 dB A1
AsRATERRALRYT 0.15 % wavdriTeuuLImsHIUYIAY 0.11 MIVAdBUAINTAUARS

1pRam5799 4.6 uaw3uil 4.11

AN 4.6 NANITNAADUAINTIVIUANUNTDUNULUNSINDANTOU

10U | S2AUANNAULEDID1999 (dB) | szAUAMUAULEYS FFPI (dB) | Error (%)
1 159.83 159.78 0.03
2 158.64 158.29 0.22
3 155.26 154.88 0.24
4 154.39 154.75 0.23
5 152.88 152.92 0.03
6 156.01 155.56 0.29
7 154.63 154.60 0.02
8 153.98 154.42 0.29
9 151.45 151.33 0.08
10 152.79 152.74 0.03

e 154.99 154,93 0.15




a5

170
160 @ =
= ] ] 3 - 7 g | 2
Z 150 8
—
[a
w
140
e FFPI
130 REF

0 1 2 3 4 5 6 7 8 9 10

sample

JUN 4.11 nadnsimsaduilssuiisuiunsedioinddeveaiulSimennsay

443  WANSYAFDUVUNVURALATLAT 3 V1IINALNUNOANTBU

NAANSIINAITNAFDUAINTIVIUAINUATDUNUT I INALNUNDANTDULN

10 ASY 4 LAB9AIUNTOUUMEUANTINYRY T1lnauNUnennsa Mnseliaindedeinlaey
¥4 159.71 - 170.96 dB kaAINTINIUAIINNTOURITULATEII1 159.95 - 170.81 dB
AIANURANAIALRGSET 0.09 % kardIulUeLUUNINTTIUNTY 0.07 NITNARDUAINITE

wandlaRannsen 4.7 Uaz3un 4.12
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AU | STAUAMUAULEEI919D49 (dB) LAUANUAULEEY FFPI (dB) Error (%)
1 166.37 166.35 0.01
2 164.51 164.59 0.05
3 164.69 164.65 0.02
q 159.71 159.95 0.15

163.87 163.55 0.19
6 165.54 165.80 0.15
7 170.96 170.81 0.09
8 164.13 164.14 0.00
9 166.46 166.14 0.20
10 164.67 164.65 0.01
128 165.09 165.06 0.09
180
170 &
& [ ] [ F 2 a ] [ ]
= 160
°
—
S 150
140 ® FFPI
130 A REF
0 1 2 3 5 6 7 8 9 10

a v Y o =) = (Y ssl' A v v a v 1
E‘U‘Vl 4.12 NadNSAINTITULUTIULTEUAULATE D T0198998991 INALHUNDANTB Y
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NAN1SNAABUAINTIAFUTELAIUILEIE NS UTAAINUNTDUN UV ULV ULALIT Hanwaly

EN

wans1ay 3 il Wiedsudiudsransamuesiinsiaduiiiauidy a1nn1simeed
Uszansamaeddang e dudiiauniy nuinadesdioiimanulduiuey (Uncertainty) Wiy
0.027 wdua Fuduafisuansdannuuiudwazanuadeslunisiauesingadu
won9 i wanisUssfiudadteruddede (Reliability) vosnadniildansnsaaduly
sefUgella 93.33% Taagvieuliifiuiifnseduaunsalinadninaonadeauazidofiolsly
AsNAdeUT 9 Tusuresaula (Sensitivity) fansradulionsndiuvesdygiuvioonaanis
LU§HULLU6Q%635@@JWN%WL“ﬁ’]@@jﬁ 0.20 um/dB 6‘2’5@LLamﬂﬁLﬁud’]ﬁ’gmw%’Uﬁmmmmmgﬂu
mimauauam’amiLU?}Ismu:dmLﬁml,é‘ﬂﬁaasuaaéfigﬁynmmLﬁwﬁaLﬂu@mauﬁ“ﬁﬁwﬁmiuﬂﬂi

asvu e leedtiusgansaw
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51  ayuwanisAnen

ANSHAUIAINTITULERNITILEITRANS L UTsABUmasHSallmas (FFPI) @1uSunisin

ANUNTBUTBIWUNVULALY nelsvendldiiniaduleniiuaoidenisnsradunisine

MUV i vaeATYaaN-EN (Kirchhoff-Love’s Plate Theory) YaqbHUTRL U INDUALDIE

LSIAULEEIINAITUANTNVBIVUN SAIUAUWMATIANITHUSIUNINABA (Fringe Counting

Technique) WakUaaduain1snsedn (Displacement) LagA1uINaULTUAITEAUAINNAY

LW@e 9 (Sound Pressure Level: SPL) faidunadnsvedniswaurluased aann1swaiun

An5393ulenMtiasEnusnasURA ARSI 5.1

M1599 5.1 agunanisiannfnsdulgumdiasdmiuinainsey

N1INAEB

o AV v
Naawsnla

IS 1

ANSNAEBUIANYNNEIY

9 9

HaansNlaNNIsnnaeuTandavguagyilingua
Aail Ardaenddiafiy 2.73 MPa AsmilveansTan
1967 15.00 mm auviuivesiandavgu 0.22

mm 8ns1aulIsTRRaY 0.28

n1snadeuTAnAroULAY 2 ¥TA
oA AduursasoukaswuuUsTL

waznsraNAfavagiiiile

1Y

HAENSTLAIINAITNARDINATUNNAITEAUAIINGS
038ty ayaad (Amplitude) Alaarnnsiaflanuis
AvyounauuUITL 1A windu 0.2 Thas Tuvume?

= a a a0 1 %] 6 o v
nszanadisueaiilouila wirdu 1.5 Taad vl

N v A a a < 3 v v
Laaﬂ%ﬂixﬂﬂmaauaqmLuamﬂumﬂﬂizﬂaumm

ANSHAIUIAIIAAINUNTOU 3 LuLAa
Tawn Wdaluna A Favaluwwa B

WAz IntuAg C

nadnsfildannnsnaaoustaiavia 3 Tuma Ausunss
ven 91 5 At vesusdarluna @anunsaLanIANAy
AaAaey f1l Tuna A ddAnuniaeasy Wiy
6.80% luipa B fArarumaadeu Wiy 1.89%
wazluna C fidrauaiaedeu Windu 0.62% v
THdenldwainluwa C Aiflaauniaedeutios

MgalunsimunszuunTinaunseuluasall
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M5 5.1 asunanisiaudinsaduleuinhuasdmsiuinnnunsey ()

s a‘d' ¥
ANSNAADY Nagwsnla

ANSNAABUTLUUAINTIAIUTELADY | HANISNAABUNULIN NISNAFDUSEUUAINTIVIU

v YV

UEIU UL URgIndanyaenie | Autunseunamennseuleianuianainnaueg

al

dl ! U a ¥ ! o L3 Q:l a0
neAnALana19iy 3 vlia lun | 91 0.26 % neaasuiudulimennseuliAiniy
¥ a ¥ LY Q.II a -dl Ind‘ v ¥
d1nseuiaenansou TunSmen | danaialadeedi 0.15 % waznaaauiudiilng
N30V WAzt 1IINALKUVDANTOU LHUNBANTaUIAIAURANAIARAERYN 0.09 %
Mlszvuinsdulewiidmsuinnunseull

ANPINURANAIALRAUVINAU 0.17 %

nNIsnade Y iiasunanisiauidinsadulewnnivassiianis-wlsddumes
| a s o o/ o/ -:911 = AN v A (3
Wsediwas (FFP) d1m1Tun15TanUNaUYRIULTULAYY Fellvirinluing C Adlasdusznay

(% IS

Y9 InAunsauLdulugNaINgangnlUs (Latex rubber balloon) W andameu uaz

'
% ¥ =

mmmﬂﬁauazqﬁlﬂw (Aluminum-coated mirror) Lﬁmamawamm maﬁwlﬂwaauﬁu

PULTULAE TN YaUESAIAWIANANSTY 3 Bin 998U HadNETlEanEnTIa T UTIRRLN
MulUTUNSH MATLAB et ludaszisefuausiudsninainsou nadnsaindinsiasy
mmmaugnﬁﬂ‘dLﬂ‘%auLﬁauﬁ’um‘%mﬁa’s’mé’wﬁa WU s¥UUAInTIadulannuLaEsin
sefuAnNuiudssmaunsouremuvUiRsIogluTas 140 -180 dB AATmAALARDUIRAS
WU 0.17 % nadnsTlEusTan tazdlediluimsemilinsuinaiedetaaiunseud
Waunduianalafa 020 um/dB. wagdianaruliiliuey (Uncertainty) 111U 0.027 Wwdlua
yirlsiAnut B efie (Reliability) vosfansaadusgluszdugaiis 93.33% lagauranmin
Waursnsradulouduasdmsuiaanunseuifuniesdiodmided azarmunsadae

gnsERuAmNINYtaImIinelandalan

52  Ugwuazguassalunisaniiuveny

5.2.1 m’mﬁmmﬂmimﬁaué’wqﬂmaﬁmﬂixm&iamamimaaq Fansvmgeu
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iaeudeszwinsiuiviesunisissadeneliiinrurainindoudnanaz gl wu
nsgapdsaninnsuiuifiey wasnadsuulasaninuinden 1wy gumgl Anudu was

) 2 2 v
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Nl MIUATIINANITNAGDY
TUsunsu MATLAB gnirundssendldlunisinsginadnsainnisveass lnedeys
Jowngszuu Ao Siunsnasn wunsnaeaninduiileiiadesnnunseudsgniidiuay

v
Yo a

wUa9A0aNUMTUTEAUAMNUMULEINAILNTIU BIA1UT0NARNIFD89AR Laeatl

fuit 1 wiennsmdyaa

% Plot original signal Capture XX.1

x = Capture31.Input0; %

t = Capture31.Channelname; %

plot(t, x);

xlabel('time(sec)");

ylabel('Amplitude (V));

title('Crispyness signal from Sensing prob Model 1lI');

U 2 NIDIFYYITIUNIUBDN

% Filter part:the lowpass Butterworth filter

Fs = 5; % Sampling frequency (Hz)

cutoff frequency = 1; % Cutoff frequency (Hz)

order = 10; % Filter order

[b, a] = butter(order, cutoff frequency / (Fs/0.1), 'low));
Filter x = filtfilt(b, a, x);

% Smoothing window size (adjust this based on your data)
window_size = 2;

plot(t, Filter x);

xlabel(time(sec));

ylabel('’Amplitude (V));

title('Crispyness signal from Sensing prob Model IlI");

YU 3 LaDNYNAUQIALANIZEIUNNTIITULEEIAUNTOU

% Select a period to analyze
OriginalWaveform = Filter x;

BeginSelection = 2.2



EndSelection = 2.45;

SelectionRange [BeginSelection, EndSelection];

SelectionRange sort(SelectionRange);

SelectedWaveform =  OriginalWaveform( t <= SelectionRange(2) );
nt = t(t <= SelectionRange(2) );

SelectedWaveform = SelectedWaveform( nt >= SelectionRange(1) );
nt = nt( nt >= SelectionRange(1) );

plot(nt, SelectedWaveform, 'Color, [0,0.1,0.6])

xlabel(\bfTime (s)")

ylabel(\bfAmplitude (V)"

title('Crispyness signal sensor (preriod));

YU 4 MNAVDIYNHYANULALTUTIUIUNA

% Find peaks in the filtered data

[pks, locs] = findpeaks(SelectedWaveform, nt);

plot(nt, SelectedWaveform, ‘Color, [0,0.1,0.6])

xlabel(\bfTime (s)")

ylabel(\bfAmplitude (V)"

hold on

scatter(locs, pks, 'V, 'MarkerEdgeColor', [0.8,0.5,0.4], '"MarkerFaceColor', [0.2,0.2,0.2])
hold off

text( locs, pks, num2str( (1:numel(pks))" ), ‘Color', 0,0,01)

title('Crispyness signal with Number of peak);

% Count total peaks
total_peaks = numel(pks);

disp('Number of fringe (N): ', num2str(total_peaks)));
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JUN 5 INUIUIINTENINADALNDMANTLAUANUAULFLIANUNTDU

% Demodulate displacement to pressure
N = total peaks;
E = 2.73; %MPascal

h = 0.00022;
r =0.015 ; %meter
v =0.282 ;

lambda = 1311.82*10A1-9;

deltaD = N*(lambda/2); %meter

disp(['Displacement: ', num2str(deltaD)]);

pressure FFPI = (16*E*(h/A3)*(deltaD)/(3*(rA3)*(1-(v/2))); %Pa
disp(['Pressure(FFPI) : ', num2str(pressure FFPI), " Pa'l);

% Demodulate pressure to pressure level
p0 = 20%107-6; %P(Ref) = PO ,Pascal
pressure_level = 10*og10(pressure_FFPI/p0)A2;

SPLref = XX dB; %

disp(['Sound Pressure Level (Lp) : ', num2str(pressure level), dB']);

disp(['Sound Pressure Level Reference (Lpf):', num2str(SPLref) ;' dB'T);

%Error Sensor
Error = (abs(SPLref-pressure_level)/SPLref)*100;

disp(['Error of Sensing probe Modell 3 : ', num2str(Error) ,' %),
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N2  WANIASRUIANEANEY

q

= o A o

nsneaeuiandavguvilinsuauantivesiandanguniunld lnen1smaaeu

9 9 9

' '
= 1 = A 1 =

gI9IuIU 10 AT IINNsVadeuNshiandavgu FdunilTandangunnaaeudugnivs

q 9 q Ll

NAANSN A0 NN I US N WL NI INLAAIAUFUNUSTENINILTIAY (Load) VULNUAY kA Syey
d‘d %

80 (Elongation) UWKNULWIUDU NTIMTUAUINYANUEANEY (Elastic Region) NilaNWME

Dudunse Wnediduwuiliy (Trendlne) waninanudu Feus@iannuaiunsovesianlunis

I '
v A a [ v v A

nauAugIURN nasntuTansuiingAnssunsiadiuuunanain (Plastic Deformation) Ll
= . . =y a a = O =2
049AATN (Yield Point) Fu1UITITUAANSIHIFUDNITUISRUANTURABILRIUDT 19 9ER
(Peak) ThuuseRegaan (Ultimate Tensile Strength) ¥aa3an M8191N9AEIEATLKIIRRZANAS
9819530157 (NIRRT Jauansdian 1310 (Fracture) Veadualuiian anusnuanInadns
nsnaaedlanadl

M13199 N.2.1 NMINAFRUIAREAELATIN 1

Load (N) Elon (mm) Stress (N/mm?) Strain (%)
Peak 27.9 58.84 12.670 392.233
Break -9.3 95.61 -0.223 637.400
YieldYs 13.0 27.74 5912 184.966

BIGIN

Load [N]

-10.0- T T i — T T T T T T T i
-20.00 -10.00 0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00
Elon. [ mm ]

JUT n.2.11 wan1sneaeuiangangy A3 1
NNINAABUNNTATUUGNIYS TSN 1 AN (Yield Point) agfiusyanay 13 N
wardsrerdaUsruins 5884 mm W3A9ggnA (Ultimate Tensile Strength) Y@ 4740

fgAUsEI 27.9 N



M13T N.2.2 MINAFBUTARTANEUATIN 2
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Load (N) Elon (mm) Stress (N/mm?) Strain (%)
Peak 50.2 222.84 22.805 1485.617
Break 1.2 223.14 0.563 1487.600
YieldYs 50.2 222.84 22.805 1485.617

SIS

1 1 1 1 1 1 1 1 1 1 1 1
0.00 20.00 40.00 60.00 80.00 100.00 120.00 140.00 160.00 180.00 200.00 220.00 240.00
Elon. [ mm]

JUT 1.2.12 wansnaaeuiangavgu Az 2

IINNIINAFOUNITAWUINUGNIYS ATIN 2 3AATIN (Yield Point) agfiUsEnd 50.2 N
wardlsrerdaUsesunn 222,84 mm kSaR9gedn (Ultimate Tensile Strength) Y9319 i

ANUSEU 50.2 N



M3 N.2.3 NSNAFRUTARDANEUATIN 3
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Load (N) Elon (mm) Stress (N/mm?) Strain (%)
Peak 48.3 194.93 21.961 1299.550
Break 0.0 195.47 0.000 1303.133
YieldYs 48.3 194.93 21.961 1299.550

50.0

45.07

40.0+

35.0

30.0

— 25.07

20.0

Load [N

15.0+

10.0+

5.0+

0.0-5

SIS

0.00

1 1
80.00 100.00
Elon. [ mm]

2 1
120.00

i T
140.00 160.00

JUT N.2.3 Hansnaaeuiansaveu Az 3

1
180.00

1 1
200.00 220.00

INNITNAFRUNIAITUNUGNIYL ATIN 3 9AATIN (Yield Point) BgfiUsz0l 48.3 N

wardlsrerdaUTeaIns 194.93 mm 1397 989an (Ultimate Tensile Strength) Y8339 i

A1UIEUNed 48.3 N

M3199 N.2.4 MINAFeUIAREAEUATIN 4

Load (N) Elon (mm) Stress (N/mm?) Strain (%)
Peak ar1.7 168.62 21.679 1124.100
Break -1.2 169.52 -0.563 1130.117
YieldYs a1.7 168.62 21.679 1124.100




(@)
(@)

50.0

45.0+

40.0+

30.0

25.07

20.0]

Load [N]

15.0+

10.0+

5.0+

0.0

BIEIE

-5.0-% T

1 1 1 1 1 1 1 1 1 1 1 1 I 1 I 1
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00 110.00 120.00 130.00 140.00 150.00 160.00 170.00

Elon. [ mm]

JUN n.2.4 Hansnageuiandavdu aTan 4

NNINAFBUNTATUNUGALUL ATIN 4 9aA3In (Yield Point) gUsEN 47.7 N

wardlsrerdaUszuins 168.62 mm L3379g9dn (Ultimate Tensile Strength) Y8330 i

A1UsEUNd 47.7 N

M13199 N.2.5 NMINAABUTAREANEUATIN 5

Load (N) Elon (mm) Stress (N/mm?) Strain (%)
Peak 61.3 211.56 27.873 1410.417
Break 0.6 213.37 0.282 1422.450
YieldYs 61.3 211.56 27.873 1410.417
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0.0 0
0.00 20.00

1
40.00 60.00

1 |
80.00 10000  120.00

Elon, [mm )

1
140.00

1 I
16000 180.00 2

U7 0.2.5 Han1snaaeuiangaveu AT 5

S

INNINAFBUNTATUNUGNINN ATIN 5 9aATIA (Yield Point) BEfIUTEU 61.3 N

wardlszezlaUszuias 211,56 mm US3Ragean (Ultimate Tensile Strength) ¥@ade i

ANUSTUU 61.3 N

M13I99 N.2.6 NSNAABUTANDAVEUASIN 6

Load (N) Elon (mm) Stress (N/mm?) Strain (%)
Peak 52.7 184.51 23.931 1230.050
Break 0.0 185.51 0.000 1236.717
YieldYs 52.7 184.51 23.931 1230.050
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S I R R N . T 7 F
50.0- Vgl F
45.0- f
40.0-
35.0

30.0+

[ [ I. [ T L] 1 : 1
0.00 20.00 40.00 60.00 80.00 100.00 120.00 140.00 160.00 180.00 200.00
Elon. [ mm ]

JUN N.2.6 HanIsnaaeuiangaveu AT 6
INNINAFBUNTATUNUGNIUL ATIN 6 9AASIN (Yield Point) agTUTEUI 52.7 N
wardlsrerdaUszunns 184.51 mm L39A9gIan (Ultimate Tensile Strength) Y83 n i

ANUSTU 52.7 N

AT N.2.7 MINAHBUTANEAEUATIN 7

Load (N)

Elon (mm)

Stress (N/mm?)

Strain (%)

Peak

60.7

198.92

27592

1326.133

Break

0.6

200.72

0.282

1338.117

YieldYs

60.7

198.92

27.592

1326.133

65.0-]
60.0-]
55.0-
50.0-
45.0
40.0-
35.0-

g 30.0-

E 25.0-
20.0-]
15.0-
10.0-

5.0-

-

A

-

0.0-+

0.00

T
20.00 40.00 60.00

T i
100.00 120.00

Elon. [ mm ]

T T T
140.00 160.00 180.00

JUN n.2.7 namsnaaeuiangaveu assn 7
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INMINAFBUNSATUNUGNIUS ATIN 7 3AATIN (Yield Point) gTIUTEIN 60.7 N

wardlszerdaUszunns 198.92 mm U59R9gedn (Ultimate Tensile Strength) Y@ i

AT 60.7 N

M13199 n.2.8 NsnaaeUianaveunsan 8

Load (N) Elon (mm) Stress (N/mm?) Strain (%)
Peak 62.6 210.28 28.436 1401.883
Break -0.6 210.59 -0.282 1403.900
YieldYs 62.6 210.28 28.436 1401.883
65.0 .
60.0- £
55.0-] F I
50.0-]
45.0-]
40.0-]
35.0-]
— 30.0-
% 25.0-
E 20.0-]
15.0-
10.0-
5.0
0.0+
-5.00_.60 20.‘00 40.‘00 60.‘00 80.‘00 10(;,00 1’20‘.00 140‘.00 160‘.00 186.00 20(;.00 226.00 24(;.00

Elon. [ mm ]

U 1.2.8 Hansnaaauiandaveu AT 8

7\]’]ﬂﬂ’]i‘l/l@ﬁ@‘ijﬂ?iaﬂ%u\‘ﬂuaﬂiﬂ\‘l AN 8 PAAIIN (Yield Point) @E{J:ﬁﬂi%ll’]&l 62.6 N

wardlszerlaUszunns 210.28 mm U39R3g9dn (Ultimate Tensile Strength) ¥@4ae i

ANUSTUEU 62.6 N

M13199 N.2.9 NSNAEBUTARDANEUATIN 9

Load (N) Elon (mm) Stress (N/mm?) Strain (%)
Peak 65.7 193.29 29.844 1288.583
Break 0.6 193.69 0.282 1291.250
YieldYs 65.7 193.29 29.844 1288.583
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e e e e Pt P R o Vi
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BIEIE

0.0-5

0.00

1 1
60.00 80.00

I. I 1
100.00 120.00 140.00

Elon.[ mm]

I 1 - !
160.00 180.00  200.00

JUN 1.2.9 Hansnaaeuiandaneu A 9

1
220.00

INNTNAFDUNTATUIUGNLYN ATIN 9 90T (Yield Point) agfUsEaNM 65.7 N

wardsruzdaUszuin 193.29 mm k39A9d9g0 (Ultimate Tensile Strength) Y@3iadn il

ANUSTUEU 65.7 N

M13799 N.2.10 NMINAFRUIAAEANYUATIN 10

Load (N) Elon (mm) Stress (N/mm?) Strain (%)
Peak 40.3 154.32 18.301 1028.783
Break -0.6 154.72 -0.282 1031.433
YieldYs 40.3 154.32 18.301 1028.783




BIEIE

Load [N]

-S'O-I 1 1 1 1 1 1 1 1 * 1 1 I 1 1 1 1 1 1
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00 110.00 120.00 130.00 140.00 150.00 160.00 170.00
Elon. [ mm]

SUT 1.2:10 Han1svageuangangu A3an 10

31INNINAFBUNITAWUIUGNLUL ATSA 10 9aATN (Yield Point) BgUTEHNM 40.3
N uagiisregdnUseunad 15432 mm k59519898a (Ultimate Tensile Strength) Y0930 &

q

ANUSTUI 40.3 N

nsnadaUNsANuIUanidsiavan 10 ASY uaansAlananslmiudnnuLUsUTIY
Y8IRUANURLTINATO3AN AATIN (Yield Point) A1LAAEAY 50.25 N wazildruidsauy
UM (Standard Deviation): 15.22 N 38880 04 90ATIN ANRAY Y04588EA 0 IAATIN:

179.61 mm

dudeauulInggIL: 53.95 mm Nan1IVadey WU dangnivsdiauainsalunis

= A uvw N = a '
VIULLiﬂﬂﬂLLagﬁJﬂﬁj‘lﬂ'sﬁﬂ I@HNﬂWLLﬁﬂﬂﬂiﬂﬂﬁjﬂLﬂaﬂﬂigi\nm 50-55N LL@]WUW?WNLLﬂiUiQUQQ

a0 o
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YDINTIANITNAGOUNIDNTANUIAVDIRIDY 1V AN NGNLARINIIATIDU



72

N.3  WANISNAGURIIN
n.3.1  wansnegeuiialung A
wadnivosiatalung A lueafildlassadeiiuguvessansadulondy
vasianui-Wlsdsumesiseined nsnaaeuiusiudSmoanseug1suaL 5 ade

oS UisunULATeIlnIn9199 ANUSOLENISI8ALLDEALARIT

MNS79 N.3.1.1 NISNAADUIIALULAA A ASIN 1

FOFRNTTIREA £L) FARATH TR

e
=
B )
B o4
2 0.
SRR A e LYCRR o
time (sec)
Tmsunsnden | | &
UIUIINTUNINEDA (N) 87
mf\gmmmmau
SYYEN15NIEAn (D) 571 x10° m
ANUAULELIAIINATBU (P) 2.85 nPa
SYAUAMUAUVBIAIUNTDU (SPL) 147.96 dB
JEAUANUAUYDIANUNTOUDND (SPL ) 165.07 dB

INNITNAABUIIIALLLAG A ASIN 1 HAAWSTLA Bl LEEIANUNTOUVUSUANFNUDS
YUUVULAINLATDDTn01989TALA WINAU 165.07 dB Wag AIR5I3UANUNTIULLAAT A

AN1150F9P5193UANUNULESLA WU 147.96 dB ANANURANAIA WINAU 10.37%




AN5149 1.3.1.2 NSNAFDUIIALULAR A ASIN 2
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Amplitude (a.u.)

FINTUNINADA TU AAAINNNTAU

“MREREEANER33 M j8eo I nhEB3TRARE
oo Q o e -t (ol I I Iy Mmoo m g L- - - - o
time (sec)
3INTUNINEDA J
o qEnTRTEY FIUIUITINTUNTNADA () 60
SezN15N5EAn (D) 3.94 x 107 m
AIUAULEEIAIINNTBU (P) 1.96 nPa
SEAUAINAUTDIANUNTOU (SPL) 160.63 dB
JEAUAIINAUTYDIANUNTOUDINBY (SPL,) 160.63 dB

ANNITNAADUTITALULAS A ASIN 2 HAANSALA fl LEB9IAIUNTOUVULLANTNVDS

YUUVULAINLATD9Tn019897ALA WA 160.67 dB Wag HIR5193UANUNTaULLAAT A

ANU90FINTINTUANUAUELILA WU 160.63 dB ANANURANAIA WINAU 0.02%
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AN749 N.3.1.3 NISNAADUIIALULAR A ASIN 3

?QﬂqiuW?ﬂmﬂﬂfuﬂﬂﬂQWNﬂ?@U

Amplitude (a.u.)

CRYINNDOTHNDOOTANNDOTNY0OENNDO
HMANNGSONTO J0AMIN (OONT AR M 00
[= =l o o o ™~ MMM [ B I ol o < <
time (sec)
FINTwnsnaen | v
MUIUTINTUNTNEDR () 92
ﬂJQ@ﬂ?WNﬂi@U
SYYENISATEAn (D) 6.03 x 10” m
ANUAULEEIANNNTBU (P) 3.01 nPa
FYAUAIUAUYBIAINUNTDU (SPL) 146.10 dB
JEAUANINAUYDIAIUNTOUB19B (SPL ) 162.44 dB

INNTNAADUNITIALULAD A ATIN 3 NAGNETLA 04 LEBIAITUNTOUVULLANTNUDS
YUUVULAINLATD991n019897a L6 WAV 162.44 dB wag fIns1asuANunIauluman A

AN1150I9M5I3UANUNULELILA WU 146.10 dB ANANURANAIA WINAU 10.06%



ANS149 N.3.1.4 NSNAFDUIIALULAR A ASIN 4
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FINNTUNINADA TU AAAINNNTAL

0.8
0.6
5 04
& 02
= 0
2 -0.2
2 .04
E -0.6
0.8
1
CIFTRATJIBAATEIE AR 38R L
OO0 O — o o~ NS M < < <
time (sec)
FINUNINEDA | :
PMUIUITINTUNINEDR (N) 62
£ '«aﬁmwmia‘u
Sr8zN15nN589A (D) 4.07 x 107 m
AN UELIAINNNTBY (P) 2.03 nPa
SEAUAYINAUUBIAINNTOU (SPL) 159.49 dB
FEAUAINAUTDIAIUNTOUD B (SPL ) 164.22 dB

ANNITNAADUIITALULAD A ASIN 4 NAAWSNLS a1 LESIAIIUNTOUVULLANTNUDA
YUUVULAINLATDDTR01989TALA WINAU 164.22 dB Wag HIRI93UANUNTIULLAAT A

AN1150595193UANUN USSR WU 159.49 dB ANANURANAIA WINAU 2.88%
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AN19 N.3.1.5 NSNAADUNIALULAA A ASIN 5

FINTUNTNADA T AAAINHNTAL

0.6

Amplitude (a.u.)

ONTOUOANST OO \DDOMN!}'\DCO‘I’N$\DUDLON¢\DDO\O
B Lt s
SES6° S av AR Sl ok i A et
fime (sec)
FINTwnsnaen | g
FUIUTINTUNTAEDA (V) 91
3] ‘\!@ﬂ'ﬂllﬂi@‘U
J28¥N1N5EAR (D) 5.97 x 10” m
ANUAULFIIAIIUNTEU (P) 2.98 nPa
JEAUAUAUVDIAIUNTDU (SPL) 146.46 dB
JEAUANNAUYDIAIIUNTOUE 1B (SPL o) 163.70 dB

nnsnageuialuna A afedl 5 nadnsiild a desAnunsouTATLANTNYeS
JuLYULREITLASesilaTnensBeiald Wi 163.70 dB waz famsraduaunseulunail A
ANU1T0AINTIVIUANNAULEGLA AU 146.46 dB AIALRANAIA WNAU 10.53%

nadngveaiataluna A ennaoufuiud$ainennsouT 191U 5 AT
dlowSeuiieuiuedediotnseds wadnsaily ar Fesmunsevsazuaninvesniosiotn
§198a¥nldeglugae 160.67 - 165.07 dB way Aamsraduaunsevluinadl A a1u1n
anadusziuauiudssinlfoglutis 146.10 - 160.63 dB ArAwAANAIALRALINAY
6.80% nadwsivauouansliiuiestnvesininanunseuloniuaduea A lunns

M5793UTTAUAUNTaUTBTUHSImannsaulaulluLugn (Inaccuracy) ABUY19UNALD




T

WisuiuATesilonn99s anuianatndulugunazunainlassaitwesirinluna A o1adsll
wagaudmIunIsTUARULAEIAINDFALLIWUEIIAAINNTUANTNBE 19 UNE

(Transient Acoustic Event)

N.3.2  Wansvageuiinliieg B
wadnsvesinluina B lunaiurliianasiiounaseganelulnsewanain
nsneaeuRuiudSmennsoutisiuay 5 ade WoSsuflsuiuirdesiiotndneds annsa
wanaswazBonldsd

AN N.3.2.1 NSNAFBUIALILAR B ASIN 1

FANNTUNINADA U AAAITNNTBU

o ot
o o

e
'S

Amplitude (a.u.)

-0.2
0.4
OCNTUMANTOANNNTOOMNTONTNT Q®
o O o o = e e e NN NN mm mMm m = = = =
time (sec)
Tmsunsnden | | &
PUIUTINTUNTAGEDR (N) a7
[y Qﬂﬂ'ﬂllﬂi@‘u
SrgEnNISNTEan (D) 3.01 x 10™ m
AMUAULFLIAINNTBU (P) 1.54 nPa
SYAUAMUAUVBIAIUNTOU (SPL) 169.25 dB
JEAUANNAUTDIANIUNTOUDNBA (SPL,) 164.60 dB
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INNITNAADUNITIALULAD B ASIN 1 HAANWSNLA fl LEEIAIUNTOUVULLANTNUD
YUUVULALINLATB9LDTND19D9TALA 1INAU 164.60 dB Wag AIMII9IUAIUNTIULLLAAT B

AN115095193UANUNULESILA WU 169.25 dB ANANURANAA WINAU 2.82%

AN N.3.2.2 NSNAFBUNIALILAG B ASIN 2

FINNTUNINADA U AAAITNNTBU

0.6
0.4
0.2

Amplitude (a.u.)

0.2
04
0.6
O o= 00 ™ W oy = 00 ™ W o= 00 ™ Wogp o= 00 ™
W g M D o= — P W WM g N 00 LN
NIN~O SN mM &S0 NS
o o O — — ™ ™ ™M MM = = =
time (sec)
3INTUNINEDA | -, P
MUIUIINATUNINGDR (N) a7
3 “Qﬂﬂ'ﬂllﬂi@ﬂ
S¥ggN1INILan (D) 3.48 x 107 m
ANMUAULEIIANUNTBU (P) 1.73 nPa
SYAUAMUAUVBIAIUNTOU (SPL) 164.98 dB
JEAUANNAUTYDIANIUNTOUDNBA (SPL ) 162.98 dB

AINNITNAABUNITIALULAD B ASIN 2 HAANSNLA a4 LEEIAIUNTOUVULLANTNUDS
YUUVULALINLATD9LTAD1999TAL WU 162.98 dB LAz FINSITUANUNTBULLMATN B
AN1150F95123UANUNULELILA WU 164.98 dB ANANURANAA WINAU 1.48%

AN N.3.2.3 NSNAFBUTIALILAG B ASIN 3
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FINTUNINADA TU AAAINNNTAU
0.6

Amplitudefa.u.)

me

-0.8

=K
—
W =
D 2.B8
[
[

%’Jﬂ']il,miﬂﬁ’e)ﬂ o v
FIUIUIINITUNSNEDA (N) 45

) ﬁ;ﬂﬂ?']llﬂi@‘U
S¥uEnN19NIEan (D) 295x 107 m
ANMUAULESIANUNTBU (P) 1.47 nPa
SYAUAIUAUUBIAITUNTOU (SPL) 168.48 dB
TEAUANMUAUVDIANLNTBUDIBY (SPL ) 162.44 dB

ANNITNAABUIITALULAD B ASIN 3 WAANSALA fl LEEIAIIUNTOUVULLANITNUDA
YUUVULABINATDILDTRO19D9TALA AU 162.44 dB wag AIRSI93UANUNTaUlLLAaN B

AN1150AIM51FUANUSULELILA WU 168.48 dB ANANURANANR VAU 1.38%



80

MNS19 N.3.2.3 NSNAADUIIALULAA B ASIN 4

1 FINNTUNINADA TU AAAINNNTAL

Amplitude (a.u.)

ZRRBEEEAREREERI8 2823 NE88vRARE
oocoo e = - N NN MMM T T T T T
time (sec)
FINTwnsnaen | &
FUIUIINITUNINEDA () 57
3] ﬁ!@ﬂ’)’]ﬂﬂi@‘U
SruEnNIsNILan (D) 3.67 x 107 m
AUAULELIANLNTBU (P) 1.83 nPa
JEAUAIIUAUVDIANNTDY (SPL) 163.04 dB
@ $AUANUAUUDIAIIUNTOUDIBY (SPL,¢) 160.33 dB

ANNITNAADUIITALULASE B ASIN 4 WadNSAle ol LH89AUNTOUVULLANTNUDA

YUUVULALINATDILDTR01999TALA 1WAU 160.33 dB wag AnsI93uAunsauluLman B

ANU90FINTINTUANUAUELILA WU 163.04 dB ANANURANAIA WINAU 2.90%
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ANS9 N.3.2.4 NSNAADUIIALULAA B ASIN 5

FINTUNINALA U IAAINNTAL

0.5
0
-0.5
-1
e v e == e e e I B B B = B I v D B B B e
cnoor\wmwmr\lﬂommr\wmgmr\lﬂommr\wmwm
L T B T~ o ¥ T U T N o w R W ) T e I I o I 0} N OM~WWN O = o M=
Lo I T T O T O O T T IO B R ot Y o I ¥ I
FINTwnsnaen | &
FIUIUSINITUNTNEADA (V) 53
3] ‘\!@ﬂ??llﬂi’e]‘U
SruEnNIsNILan (D) 3.48 x 107 m
AUAULELIANLNTBU (P) 1.73 nPa
JEAUAIIUAUVDIANNTDY (SPL) 164.98 dB
FEAUAINAUYDIANIUNTOUDINBA (SPL,) 160.33 dB

nnsneaeuiTaluLna B-ASedl 5 nadnsile a @esnnunsourazLAninYes
JuLIULRAASesilaTnansB il Winfu 160.33 dB uaz fnsraduaunseulunait B
ANU150AINTIVIUANUAULELA VAU 164.98 dB AIAURANAIA WINHTU 2.90%

nadwiveaiaTaluina B ilennasufuTuNSIMeANToULTITIUIL 5 ALY
dlewssuiisusuiniasdleTndads nadwsiild a dosrinunsevamzuanin v03au
yuiRgfiniesiiotndnsdainldoglutag 160.33 - 168.48 dB uay Mmmaduarmnseulung
7l B annsansafuseiuanufudesideglutig 163.04 - 170.80 dB AR RANAIALRAY

WINAU 1.89 %
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n1.3.3  Wan1svedsuiIaluea C

v o

Hagnsvesiialieg C lunaninuiliiagasviounateganelulasananasin

LAZUTATINAIERNNLANWULAAIYAING N1SNAFDUNULUNTINDANTBUTITIUIU 5 AS3

dl' ~ = o A4 A o Y oa = v &
WU UNEUNULATDINDIND 19D ﬁ']ll'ﬁﬂLLﬂ@QiqﬂagLaﬂ@I‘l@@\‘]u

AN514 N.3.3.1 NSNAFBUMIALILAA C ASIN 1

v
FAINTUNTNABA 11 AnNAINHNTAL

0.8
0.6
0.4
0.2
0
0.2
-0.4
-0.6
-0.8
-1
RPN RIRABR I BRI RN ERIRNIRAIRN
HMN0 SONMIN jOONT GRAM 00O §in0©
oo0ooo o — N NN Moo < <+ <+
FINTwnsnaen | Qu
IIUIUIINTUNTNFDA (N) a8
3] agmmmma‘u
S28EN1INTEIN (D) 3.15 x 10 m
AUAULAENAUNTOU (P) 1.57 nPa
JEAUAMUAUVDIAINNATOU (SPL) 168.49 dB
JEAUANNAUTYDIANIUNTOUDNBA (SPL ) 167.38 dB

INNISNAABUFIIALLLAG C ASIN 1 HAAWSTLA Bl LEEIANUNTBUVULLANFNUDS

YUUVULALINLATD9LTND19997ALe WindU 167.38 dB kay AnsIUANUNTaUlNLAAN C

AN1150595193UANUNULESLA WU 168.49 dB ANANURANAIA WINAU 0.67%




AN5749 1.3.3.2 NSNAFDUIIALULAR C ASIN 2

83

15 ?‘Qﬂ’]ﬁ‘LL‘Vli‘ﬂ’&’ﬂﬂ (3%} "ﬁ@ﬂﬂ’mﬂﬁ"ﬂ‘]_l
5 1
m
5 05
3
= 0
(=3
£
< -0.5
-1
oMM T LY m—NMNTWL OO =M
NTQRONTOA JMUNA=MANRNO SO0
O OO0 o o - N NN MMM < < <
time (sec)
FINTwnsnaen | &
FIUIUFTINTUNTNADA (V) 51
3] f\!@ﬂ?’]&lﬂi@l]
J28¥N1INTEIN (D) 3.34 x 10” m
ANUALLEYIAIINATEU (P) 1.67 nPa
JEAVAUAUVDIAIUNTOU (SPL) 166.34 dB
JEAUAMNAUVDIANUNTOUD 1B (SPL ) 162.98 dB

ANNITNAADUIIIALULAS C ASIN 2 NAANSALA al LE89AIUNTOUVULLANTNVDS

YUUVULAINLATDI9Tn019897A L WA 162.98 dB wag HnsI193uANunsauluman C

ANUT0FINTINTUANUAUELILA WU 166.34 dB ANANURANAIA WINAU 0.73%
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M15749 1.3.3.3 NSNAFDUIIALULAR C ASIN 3

0.8 .
o FAINTUNTNABA T YAAIINNTEL
0.4

0.2

-0.2

Amplitude (a.u.)
(=]

-0.4

-0.6

-0.8

SRR BNIBRIYIRIRANESAYIRELN2BS
o0 oo ™ NN ~N MMM m o < T <+
time (sec)
FINTwnsnaen | &
AUIUIINTUNTAADA (V) 51
3] f\!ﬂﬂ’)’]&lﬂi@l]
J28¥N1INIEIR (D) 3.34 x 10” m
ANUALLEYIAIINATEU (P) 1.67 nPa
JEAUANAUVDIAINUATOU (SPL) 166.34 dB
JEAUAMNAUVDIANUNTOUD 1B (SPL ) 162.98 dB

ANNITNAADUIITIALULAS C ASIN 3 NAANSALS U LEBIAIIUNTOUVULLANTNVDA
YUUVULAINLATDI9Tn019897A L WA 162.98 dB wag HnsI193uANunsauluman C

ANUT0FINTINTUANUAUELILA WU 166.34 dB ANANURANAIA WINAU 0.73%




MN5749 N.3.3.4 NSNAADUIIALULAR C ASIN 4

85

Amplitude (a.u.)

-0.5

v
FINNTUNINADA DU AAAINHNTAL

=
i

[=]

C IR ELTINgLYI AR’ NN
HMRYSE MM RO =M 8RN BB T MNR®
o000 Q — o = -~ NN [aalos BN I~ T T T T
time (sec)
FINTwnsnaen | &
AUIUIINTUNTAADA (V) 45
3] f\!(ﬂﬂ’)’]llﬂial]
J28¥N1INTEIN (D) 2.95x 10 m
ANUALLEYIAIINATEU (P) 1.47 nPa
JEAVAUAUVDIAIUNTOU (SPL) 170.80 dB
JEAUAMNAUVBIANUNTBUD19B (SPL ) 169.47 dB

INAINAADUINIALUAS C ASIN 4 WadnsAle o LE8IAINUNTOUVULLANIAN

YDAVUNVULALINATLDIND19999A LA VAU 169.47 dB way FInsiadumnunsaulunan

C @u150MIRSI99UANUAULESLA WINAU 170.80 dB AIAMURANANA WINAU 0.79%




MN5749 N.3.3.4 NSNAADUIIALULAR C ASIN 4

86

08 ?"]ﬂ’]ﬁ‘LmTﬂ@@ﬂ 9% "ﬂﬁﬁ‘ﬁﬂ\lﬂﬁ"ﬂu
0.6
S 04
&
v 0.2
=]
=
=
j=1
£ 02
-0.4
-0.6
QT @OMNORTONOTTONO-TONORTO@MNWYWOmTOMNY
LMoOWARMNMMNMOWOWOTON MO AMNONOMOTOW0NOoWM W
TMTYSReNM 0 HANTONO NN QM
[=NeNelel (=R RN ] - N NN mmMmMmMm T T T T
time (sec)
FINTwnsnaen | &
AUIUIINTUNTAADA (V) 47
3] f\!ﬂﬂ?’]llﬂi@l]
J28¥N1INTEIN (D) 3.08 x 107 m
ANUALLEYIAIINATEU (P) 1.54 nPa
JEAVAUAUVDIAIUNTOU (SPL) 169.25 dB
JEAUAMNAUVBIANUNTBUD19B (SPL ) 169.23 dB

ANNITNAADUIITALULAS C ASIN 5 NAANSALS U LEBIAIIUNTOUVULLANITNUDA

YUUVULAINLATDI9Tn019897A L WA 169.23 dB wag HnsI193uANUnNIauluman C

ANU90FINTINTUANUAUELILA WU 169.25 dB ANANURANAIA WINAU 0.01%

NAFNSURIMTALULAG C LBNA@BUNUNUNSTINEANTBULITIUIY 5 ASY 41l

WSguiguiueI9in ne1999 NaaNSALe al LEEIAMUNTDUVALLANSKN VDIVUNYULALIN

w3eslloingnedeinlioglunig 167.38 - 169.47 dB war fInsraduaunseulumai C

aunsansTusERuAuiudedlaaglugie 166.3 - 170.80 dB AANUAANAIALREELVNAY

6.80%




N4 WANISNAFIUAINTIIUNNAIUITUNUIUNVULABD 3 YA
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AMSHAIUIAINTITU LML LEsEmSUTRANUNTaUTN1sU IR luwa C unadau

SUVUNVULALINTAN WU ALANAIITUNINIBAIN 3 TRAAINLANAIIT199U @1UTOLEARS

a dy ¥ =
I1UaELBAYDVUNVULAL AR ST

AT .11 VUIAVBIVUNVULABING 3 BT

¥
[

type Length (mm) width (mm) Thickness (mm)
39.60 27.00 2.75
37.80 25.90 2.35
39.80 27.30 2.35
33.90 27.20 2.38
35.20 27.68 2.20
Shrimp chip

39.60 25.70 2.90
40.40 28.45 2.95
38.60 28.20 2.35
39.40 271.50 2.50
40.20 26.20 2.00

Average 38.45 27.11 2.47
55.28 50.30 0.70
62.30 53.40 1.10
51.50 51.30 1.20
53.70 48.20 1.10
53.50 47.00 1.10

Corn chip
56.75 50.10 1.75
50.80 49.90 1.00
57.40 55.30 1.98
57.28 50.40 1.10
48.40 41.20 1.40

Average 54.69 49.71 1.24
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AN N.11 VUINVBIVUUVULAYING 3 BLe (5B)

50.60 40.60 1.10
50.50 40.60 1.00
51.00 40.90 0.90
52.00 42.20 1.10
51.38 42.20 1.20
Potato chip
52.10 42.20 1.10
52.00 40.40 1.10
52.00 42.00 1.00
51.90 42.60 1.10
50.50 41.30 1.20
Average 51.40 41.50 1.08

A.5  Wan1sIAIZINAINLUSLASH MATLAB
Tun1simsevinan1snnaeseIAalusunsy MATLAB NUN1STI8TATIEARNan1ULAR
MANLAN N.1 91NN15TIUE3 NS NADATBIANILNSBY Ayt InuavgnIUNINTOIdY I
SUNIUBNABULEDNTIIIINISUNINABAVOUFIIANUNTOUATUIINVULVULAYY Flu
mif\i’waaqm3Lﬁmsuumaawwé%ﬁﬁ”’amnmﬂﬁﬂ 1 adauazasuaninannnii 1 ade vilsd
NM5188NT2939N15UNsNAB AT NEEIAINSoUASILsAW Y 1iBsainmisuaniinaSedaly
LﬁuﬂwsLLmﬂﬁﬂmaq%uﬁauﬁLmﬂlﬁ,iamy'ﬁzﬁ Feran15ins1sRaInlusunsy MATLAB Uszneu

a 1Y |

LUme nsranudRiusLouignfunaT LagANAa NENLAINAITAIANM UV B ALANE T

U

TUTuun? 2 wag 3 IngLanIAIIIUIUTINITUNTNADA TLLNNITNTLIN AUFULALY SEAU

ANUAULALIAINUNTDUINNLATDILOVNWAIUIVU FEAUAIUAULFLIAINUNTDUINNLAIDILD IR

v
v a

919949 LAZAIANUAIALARDUNLIATU HAdNSALAE1LNTaLanalamall



YULVULALIN DN 1

Crispyness signal from Sensing prob Model lli
24 T T T T T T T T

23 7

[
]
.

[
e

Amplitude (V)
M

19

18

17 L L L L L L L L L

time(sec)

Number of fringe (MN}: 43

Displacement: 2.8284e-085

Pressure(FFPI} : 1.4875e-89 Pa

Sound Pressure Lewvel (Lp) : 172.4387 dB

Sound Pressure Level Reference (Lpf) : 173.3 dB

Error of Sensing probe Modell 3 : @.49699 %
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YULVULALINIDEGN 2

Crispyness signal from Sensing prob Model Il

0 05 1 15 2 25 3 35 4 a5
tme(sec)

o

Number of frimge (M): 39

Displacement: 2.558e-085

Pressure(FFPI} : 1.2766e-89 Pa

Sound Pressure Level (Lp) : 17%.9784 dB

Sound Pressure Level Reference (Lpf) : 173.3 dB

Error of Sensing probes Modell 3 : 1.5455 %



YULVULAIAIBENN 3

. Crispyness signal from Sensing prok: Maode| [

2.2

Amplitede (V)

o LE] 1 1.5 2 25 3 15 4 45 ]
e s&c)

MNumber of frinmge (MN): 44

Displacement: 2.886e-85

Pressure(FFPI) : 1.44@83e-89 Pa

Sound Pressure Level {(Lp) : 171.6185 dB

Sound Pressure Level Reference (Lpf) : 173.3 dB

Error of Sensing probe Modell 3 : 8.97489 %
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YULUULALINIDENGN 4

Crispyness signal from Sensing prob Model Ill

Amplitude (V)

Number of fringe (N): 46

Displacement: 3.8172e-85

Pressure(FFPI} : 1.5857e-8% Pa

Sound Pressure Level (Lp) : 170.8148 dB

Sound Pressure Level Reference (Lpf) : 169.48 dB

Error of Sensing probe Modell 3 : 8.31554 %
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YULVULAIAIBENN 5

Amplitude (W)

. Crispyness signal from Sensing prob Model 11

24

i 4 i i i i i
o 05 1 1.5 2 25 3 1.5 4 4.5 5

lime(sec)

Number of fringe (N): 43

Displacement: 2.3284e-85

Pressure(FFPL) : 1.4875e-8% Pa

sound Pressure Lewvel {(Lp) : 172.4387 dB

Sound Pressure Lewvel Reference (Lpf) : 174.1717 dB

Error of Sensing probe Modell 3 : 8.99498 %
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YULVULAEIAIBENN 6

Crispyness signal from Sensing prob Model Il

Humber of frimge (N): 42

Displacement: 2.7548e-85

Pressure(FFPI) : 1.3748e-@% Pa

Sound Pressure Level (Lp) : 173.2885 dB

Sound Pressure Level Reference {(Lpf) : 174.1717 dB

Error of Sensing probe Modell 3 : B.5871 %
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YULVULAEIAIBENN 7

. Crispyness signal from Sensing prob Model 1l

2B

2.4

Amplitude (W)

X

o ns 1 1.5 2 25 3 a5 4 45 5
tima(sec)

Number of fringe (M}: 47

Displacement: 3.8828e-85%

Pressure(FFPI} : 1.5385e-89 Pa

Sound Pressure Level (Lp) : 169.2454 dB

Sound Pressure Level Reference (Lpf) : 169.48 dB

Error of Sensing probe Modell 3 : ©.13842 %
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YULVULAEIAIBENN 8

. Crispyness signal from Sensing prob Model 11l

26

o 05 1 15 2 25 3 5 4 45 5
time(sec)

Number of fringe (N): 44

Displacement: 2.386e2-85

Pressure(FFPI) : 1.4483e-8% Pa

Sound Pressure Level {(Lp) : 171.6185 dB

Sound Pressure Level Reference (Lpf) : 16%9.48 db

Error of Sensing probe Modell 3 : 1.2571 %
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YULVULAIAIBENN 9

Crispyness signal from Sensing prob Model I

28

26

[
F

Amplitude (V)
N
n

o 05 1 15 2 25 3 i5 K 45 5
tme(sec)

Number of fringe (MN}: 47

Displacement: 3.8828e-085

Pressure(FFPI} : 1.5385e-89 Pa

Sound Pressure Lewvel (Lp) : 169.2454 dB

Sound Pressure Level Reference {(Lpf) : 169.48 dB

Error of Sensing probe Modell 3 : 8.13842 %
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YULUULALIANIDENN 10

Crispyness signal from Sensing prob Mode! I

Amplitude (V)

0 05 1 15 2 25 3 a5 4 45 5
time(sec)

Mumber of frimge (N): 7@

Displacement: 4.5914e-085

Pressure(FFPI} : 2.2913e-89 Pa

Sound Pressure Lewvel (Lp) : 155.3184 dB

Sound Pressure Level Reference (Lpf) : 156.8185 dB

Error of Sensing probe Modell 3 : @.44873 %

98



YULVULAEINIDENGN 11

26

6 05 1 15 2 25 3 35 4 45
limea(sec)

Humber of frimge (N): &9

Dizsplacemsnt: 4.5258e-@5

Pressure(FFPI} : 2.2586e-89 Pa

Sound Pressure Level {Lp) : 155.8834 dB

Sound Pressure Level Reference {Lpf) : 156.8185 dB

Error of Sensing probe Modell 3 @ 8.13277 %
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YULVULALIAIDENN 12

Crispyness signal from Sensing prob Model 11l

2.3

o oS5 1 15 2 25 3 a5 4 45 5
time(sec)

Mumber of frimge (N): 72

Displacement: 4.7226e-085

Pressure(FFPL) : 2.3568e-8%9 Pa

Sound Pressure Level (Lp) : 154.3476 dB

Sound Pressure Level Reference (Lpf) : 154.6386 dB

Error of Sensing probe Modell 3 : 8.183 %
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., Crispyness signal from Sensing prob Madel [l

o 05 1 15 2 2.5 3 5 4 45 5
tme({sec)

Number of fringe (N): 69

Displacement: 4.5258e-85

Pressure(FFPI}) : 2.2586e-8% Pa

Sound Pressure Lewvel (Lp) : 155.8834 dB

Sound Pressure Level Reference (Lpf) : 154.6385 dB

Error of Sensing probe Modell 3 : B.75843 %
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., Crispyness signal from Sensing prob Madel 1l

23

2.2

o (1E] 1 1.5 é 25 3 15 4 45 ]
tima(sec)

Humber of fringe (N): 73

Displacement: 4.7881le-85

Pressure(FFPI) : 2.3895e-8%9 Pa

Sound Pressure Level (Lp) : 153.8773 dB

Sound Pressure Level Refersnce (Lpf) : 154.6385 dB

Error of Sensing probe Modell 3 : 8.48716 %
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.\ Crispyness signal from Sensing prob Model 11

o s 1 1.5 2 25 3 315 4 45 5
tima(sec)

Number of frinmge (M): &9

Displacement: 4.5258e-085

Pressure(FFPI) : 2.2586e-89 Pa

Sound Pressure Level {Lp) : 155.8834 dB

Sound Pressure Lewvel Reference (Lpf) : 154.6386 dB

Error of Sensing probe Modell 3 : @8.75843 %
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Crispyness signal from Sensing prob Model IN

24

Amplitude (V)

o 05 1 15 2 25 3 35 4 45 5
time(sec)

Number of fringe (MN): 71

Displacement: 4.657e-85

Pressure(FFPI) : 2.3241e-89 Pa

Sound Pressure Level {Lp) : 154.8253 dB

Sound Pressure Level Reference {(Lpf) : 154.6386 dB

Error of Sensing probe Modell 3 : @8.12589 %
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Crispyness signal from Sensing prob Model Ill

24

Ampililude (V)

0 0.5 1 156 2 25 3 35 ) 45 5
tme(sec)

Humber of fringe (N): 7@

Displacemsnt: 4.59%14e-85

Pressure(FFPL) : 2.2913e-8% Pa

sound Pressure Level {Lp) : 135.3184 dB

Sound Pressure Level Reference (Lpf) : 154.6386 dB

Error of Sensing probe Modell 3 : @8.43955 %
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Crispyness signal from Sensing prob Model Il

Amplitude (V)

) 05 1 15 2 25 3 s 4 45 5
tme(sec)

Humber of fringe (N): 72

Displacement: 4.7226e-05

Pressure(FFPI} i 2.3568e-89 Pa

Sound Pressure Level (Lp) : 154.3476 dB

Sound Pressure Level Reference {(Lpf) : 154.6385 dB

Error of Sensing probe Modell 3 : 8.183 %
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. Crispyness signal from Sensing prob Model 11l

26

o oS5 1 15 2 25 3 a5 4 45 5
time(sec)

Number of fringe (N): 74

Displacement: 4.8537e-085

Pressure(FFPI} : 2.4223e2-89 Pa

Sound Pressure Lewvel (Lp) : 153.4141 dB

Sound Pressure Level Reference (Lpf) : 154.6385 dB

Error of Sensing probe Modell 3 : B.78673 %
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Crispyness signal from Sensing prob Model Il

24

Amplitude (V)

o 05 1 15 2 25 3 35 4 é5 5
time(sec)

Humber of fringe (N): 74

Displacemsnt: 4.8537e-085

Pressure(FFPI)} : 2.4223e-89 Pa

Sound Pressure Lewvel {Lp) : 153.4141 dB

Sound Pressure Level Reference (Lpf) : 154.6386 dB

Error of Sensing probe Modell 3 : @8.78673 %
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Crispyness signal from Sensing prob Model Il

Amplitude (V)
~N ~ "~ ~
~N - ~ - &

T

Humber of fringe (N): 71

Dizplacement: 4.657=2-85

Pressure(FFPI)} 1 2.3241e-89 Pa

Sound Pressure Level {Lp) : 154.8253 dB

Sound Pressure Level Reference (Lpf) : 154.6386 dB

Error of Sensing probe Modell 3 @ @8.12589 %
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- Crispyness signal from Sensing prob Model 11

2.6

o oS 1 1.5 2 25 3 5 4 45 5
| sec)

Humber of fringe (N): 38

Displacement: 2.4925e-85

Pressure(FFPI} : 1.2439e-89 Pa

Sound Pressure Level (Lp) : 176.9261 dB

Sound Pressure Lewvel Reference (Lpf) : 175.8653 dB

Error of Sensing probe Modell 3 : 8.68321 %
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Crispyness signal from Sensing prob Model It

28

26

"~
=

Amplitude (V)

Mumber of frimge (N): 41

Displacement: 2.6892e-085

Pressure(FFPI} : 1.3421=-89 Pa

Sound Pressure Lewvel (Lp) : 174.16089 dB

Sound Pressure Level Reference (Lpf) : 17%.8653 dB

Error of Sensing probe Modell 3 : @.96916 %
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Crispyness signal from Sensing prob Mode| (il
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Sound Pressure Level {(Lp) : 174.1689 dB
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Crispyness signal from Sensing prob Model 11l

26
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Amplitude (V)

6 05 1 15 2 25 3 35 4 45 5
timasic)

Number of fringe (N): 39

Dizplacemsnt: 2.558e-85

Pressure(FFPI} : 1.2766e-89 Pa

sound Pressure Level (Lp) : 175.97384 dB

Sound Pressure Level Reference (Lpf) : 175.8653 dB

Error of Sensing probe Modell 3 : 8.864311 %
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. Crispyness signal from Sensing prob Model 11l

[v] oS 1 1.5 2 25 3 i5 4 45 5
time( sec)

Number of fringe (N): 41

Displacement: 2.58592e-085

Pressure(FFPL) : 1.3421e-89 Pa

Sound Pressure Level (Lp) : 174.1689 dB

Sound Pressure Lewvel Reference (Lpf) : 175.8653 dB

Error of Sensing probe Modell 3 : ©8.96916 %
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Number of fringe (MN): 48

Displac

ement: 2.6236e-85

Pressure(FFPI} : 1.3893e-89 Pa

Sound Pressure Level {(Lp) : 17%.8%71 dB

Sound Pressure Level Reference (Lpf) : 175.8653 dB

Error of Sensing probe Modell 3 : 8.45955 %
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Crispyness signal from Sensing prob Mode! I
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Abstract

A dynamic low-pressure measurement using a fiber optic-based Fabry-Perot Interferometer (FFPI) has been
demonstrated in this work. The developed system has been divided into 2 main parts: pressure source and sensing
system. The former is a chamber comprised of an elastic diaphragm, which proportionally deflects according
to input pressure from an air pump. The FFPL, consequently, detects the material deflection and demodulates
the parameter into useful pressure value via the fringe counting technique and Kirchhoff-Love’s plate theory.
To validate the performance of the developed system, a reference pressure instrument is utilized while the air
pump feeds pressure of 0.34-6.57 mbar with 10 times repeatability into the system. The experimental results
indicated that the FFPI can measure the pressure of 0.343-6.568 mbar, while the reference instrument showed
the output values from 0.343-6.471 mbar, respectively. Moreover, the average and maximum percentage error
in measurement is 1.27% and 2.67%, respectively. The resolution of the FFPI sensor is also analyzed to be
approximately 0.05% or 0.0382 mbar/um over all measurement ranges. Therefore, we conclude that the FFPI
has high accuracy, resolution, linearity, and reliability in dynamic low-pressure measurements.

Keywords: Dynamic low-pressure measurement, Fabry-Perot interferometer, Fringe counting technique,
Material deflection, Reference pressure instrument

1 Introduction

In modern industries, measuring instruments and
sensors have become critical roles as integral components
of automated control systems. However, it corresponds
to the demand for user-friendly, high-precision
equipment capable of autonoemous decision-making.
Furthermore, industrial machinery can benefit from
the support of operating systems that are equipped
with predefined datasets, thereby enhancing their
operational speed. Consequently, a diverse array of
sensors, encompassing categories such as pressure,
temperature, chemical, and optical sensors, etc. [1]
has found widespread adoption across a multitude of
industries. Notably, pressure-sensing instruments are
indispensable in a variety of contexts, including but

not limited to the oil and gas sector, power plants,
automotive manufacturing, and agriculture [2], [3].
‘Within the limitation of industrial processes, it becomes
imperative to regulate, monitor, and sustain pressure
levels in accordance with the specific requirements of
each machine system [4]. In this context, low-pressure
instruments can offer superior resolution and precision
capabilities. Nonetheless, it is important to acknowledge
that current devices possess certain limitations in their
applications, most notably in terms of sensitivity,
accuracy, precision, and high-precision or specialized
pressure sensors can be expensive, which may be a
limitation for budget-conscious applications [5].
Consequently, a fiber optic sensor (FOS) is
another type of suitable pressure detector for low-
pressure applications with several advantages over the

P, Talhakultorn and S. Pullteap, “Dynamic Low-Pressure Measurement using a Fiber Optic-based Fabry-Perot Interferometer”

120



Applied Science and Engineering Progress, Vol. 17, No. 2, 2024, 7283

electronic commercial sensor such as high sensitivity,
small size, immunity to electromagnetic waves,
lightweight, and operational in noisy, hazardous,
as well as narrow areas [6]-[10]. Several researchers
have, therefore, investigated and developed low-
pressure sensors using FOS. For instance, Riveraa
et al., [11] developed an extrinsic fiber Fabry-Perot
interferometer (EFPI) based on thin polyester film
using phase signal analysis at a variable pressure
ranging from 0-2 psi. Results demonstrated that the
EFPI had high efficiency with detection sensitivity
close to 3.5 rad/psi. This study opens up a wide range
of options for low-pressure detection. Moreover,
Aime ef al., [12] developed a specific low-pressure
sensor for aerodynamic applications. Two fiber optic
strain sensing technologies based on fiber segment
interferometry (FSI) and fiber Bragg grating (FBG)
have been implemented. The pressure resolution was
designed to be 23, 9.5, and 0.61 Pa, respectively. The
results also showed that the pressure resolution of the FST
was 15 times greater than that of the FBG. In addition,
Mishra er al., [13] developed an optical pressure
sensor based on the Fabry-Perot Interferometer
(FPI) principle for a pressure range of 1 bar. A finite
element (FE)-based sensorwas also developed to simulate
the structure and fluid element for the diaphragm and
gas trapped in the cavity of a pressure sensor. The
reference pressure and diaphragm deflection were
assessed at different applied pressures. Analyzing the
effects of gases trapped in the small sealed cavities
of pressure sensors showed that the range of the
diaphragm was more severely affected than sensors
with smaller cavity lengths due to a greater change
in reference pressure in the sealed compartment.
However, the development of low-pressure instruments
still has limitations. For example, measurement errors
can occur in the sensing probe, and the pressure sensor
is not able to measure the dynamic low-pressure range
sufficiently [11].

In previous work, we preliminary developed
an extrinsic fiber-based Fabry-Perot interferometer
(EFFPI) for measuring the low-pressure in the range
of 5-55 mbar with a maximum error of 3.77% [14].
However, we are continuing the development of a sensing
system using the principle of the fiber optic-based
Fabry-Perot interferometer (FFPI) for dynamic low-
pressure measurement. The fringe counting technique
cooperated with the material deformation theory is still

Moving Target
-

Laser Diode

~a Sensing Probe
Source

fopen (9

1

Photodetector

Target

Figure 1: Basic structure of a FFPL

utilized as a main technique to demodulate the obtained
interference fringe to the pressure value. We anticipate
that the development of pressure sensors for lower
pressure measurements will yield increased sensitivity,
but reduce responsiveness to the external incentives.
Consequently, with the ability to accurately measure
extremely low-pressure levels, these sensors can
effectively mitigate the risks associated with pressures
exceeding the system's capacity, thereby preventing
potential accidents. Moreover, the reduced production
costs associated with these sensors will enhance their
affordability and accessibility to a broader user base.
Furthermore, their user-friendly nature facilitates
their integration into existing low-pressure detection
systems, potentially enhancing their overall
performance and reliability.

2 Materials and Methods

The development of a dynamic low-pressure sensor
using a fiber optic-based Fabry-Perot interferometer
has been applied using the following theories and
related studies.

2.1 Fiber optic-based interferometers

In general, the optical fiber-based interferometer has
been classified into four main types; Mach-Zehnder,
Michelson, Sagnac, and Fabry-Perot interferometers
[15]. The fiber optic-based Fabry-Perot interferometer
(FFPI) is one of the fiber optic interferometers
that are widely applied as a detector for industrial
applications, due to their several outstanding features
such as high detection sensitivity, low cost, and simplicity
of development [16]-[18]. The basic structure of this
sensor is shown in Figure 1.

As shown in Figure 1, the basic structure of a
fiber optic-based Fabry-Perot interferometer functions
by using only a uniaxial element as a sensing arm, unlike
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other interferometers that transmit signals from two
axes (reference and sensing arms). The monochromatic
light from the laser diode source is injected through
a 1x2 fiber coupler and subsequently into the sensing
arm. About 4% of the light is reflected at the fiber end
as a reference signal (7,.), while the rest is transmitted
to the target and then reflected back to the sensing
arm as a sensing signal (Z,,). Afterward, the two
signals superimpose within the fiber arm, achieving an
interference signal (I), which is modulated by a phase
difference (¢) [19]-[23], which can be determined by
Equation (1):

=1

seng

+Iter+2 ‘[@ens‘[ref COS¢ (1)

In addition, the phase difference [20] between
the sensing and reference signals can be expressed by
Equation (2).

AxnAl
=7

where. n is the refrative index (77 = 1 when the medium
is air), A is the wavelength of a monochromatic light
source and A/ is the cavity length variation

When the phase difference is perturbed, the
output interference signal will be modulated, forming
a set of cosinusoidal waveforms with each wave period
corresponding to an interference fringe. Consequently,
the number of interference fringe (N) can be applied
to calculate the displacement (D) of a moving target,
[24]. [25]. as shown in Equation (3).

A
D=N3 (3)

@

2.2 Deformation of material

Material deformation is a process of changing the
shape, appearance, and size of a material when forces
such as pressure, tensile, compression, and shear are
applied to it. However, such a process can be used to
determine the thickness, resistance, stress, strain, and
elastic modulus (8) of the material. The nature of the
force acting on the material [26] in several ways can
be demonstrated in Figure 2.

The determination of elastic modulus is a measure
of the resistance of an elastic material before it reaches
a critical point. This phenomenon can be determined

L

Compression .
— |

Tensile

Figure 2: Nature of force acting on material.

from the relationship between the stress and strain of
the material [27]-[29], as shown in Equation (4).

J=— 4)

where: ¢ is the stress of the material
£ is the strain of material
In addition, Poisson's ratio (v), which is the ratio
of lateral strain to longitudinal strain [30], [31]. can
be expressed as Equation (5):

where: &, is the transverse strain of material
g, is the axial strain of material

2.3 Pressure measurement

The relationship between the magnitude of the force
acting perpendicularly to any area is pressure (P), as
shown in Equation (6). The unit of pressure can be
expressed in pascal (Pa), pound per square inch (Psi),
or bar [32].

P= P (6)
when: F is the inducing force
A is the area being acted upon

Pressure is also involved in several industrial
applications [33]. Pressure measurement and control
are, generally, required in the process of machine
operations using qualified and sufficiently high-quality
measuring instruments. As a result, most pressure-
measuring devices are developed from optical devices
[34], [35]. Optical pressure measuring devices usually
rely on the deformation of a reflective material caused
by induced pressure. Here, Kirchhoff-Love’s plate
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Figure 3: Workflow of dynamic low-pressure sensing
development based on Fabry-Perot interferometer.

theory for a clamped-edge circular diaphragm is
demonstrated, which presents the relationship between
the change in displacement and pressure as follows
[36]-[41].

B 165d° Al
37 (1=v) (7)

where: ¢ is the material thickness
R is the deformation radius of the material
Al is the changes in displacement

3 Experimental Setup

In this work, a low-pressure sensing system has been
designed and implemented. The workflows of this
system are illustrated in Figure 3.

The experiment is designed to collect the pressure
values from a reference instrument (P, and also the
interference fringes from the developed system (Pgzg;).
which was demonstrated at various pressure ranges
for verifying the performance of the FFPI sensor. In
addition, both pressure values obtained from Pref and
PFFPI are next compared to determine the errors and
the performance of the developed system.

3.1 Dynamic low-pressure measurement using fiber
opfic-based Fabry-Perot interferometer

As mentioned in the previous section, a dynamic
low-pressure measurement using a fiber optic-based
Fabry-Perot interferometer has been developed with
its structure illustrated in Figure 4.

As shown in Figure 4, the dynamic low-pressure
measurement system can be divided into 2 main parts:

Dedicated Computer
Figure 4: Structure of a dynamic low-pressure
measurement using fiber optic-based Fabry-Perot
interferometer.

Elastic Material

Sensing Probe

Fiber Cord

Figure 5: Concept of dynamic low-pressure
measurement via changing of elastic material.

the dynamic low-pressure source and the fiber optic
sensing system. The pressure source comprises an air
pump that feeds in air pressure simultaneously to a
chamber and a reference high-precision differential
pressure instrument model: SITRANS P320 from
Siemens. Note that the pressure instrument is applied
as a pressure gauge during pressure feeding and also
as a reference device for validating the developed
FFPL At the chamber, the feed-in pressure will induce
upon an elastic material, proportionally deflecting it as
illustrated in Figure 5.

As shown in Figure 5, the elastic material is
deflected according to input pressure. This phenomenon
can be detected by using an FFPI [31] and later
demodulated into useful pressure readings via the
fringe counting technique in Equation (7) [42]. To
observe the output interference signal, a digital
oscilloscope model: TDS2014B from Tektronix is
utilized as a display. Meanwhile, a data acquisition
unit simultaneously records the data from both the
oscilloscope and reference pressure device for further
analysis using MATLAB programming in a dedicated
computer.
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(a) (b)
Figure 6: Material testing process: (a) measuring
of stress and strain in elastic material, (b) diameter
measurement on material's fixation to chamber.

To validate the developed FFPI system, both
the FFPI sensor and the reference instruments are
exploited to measure input pressure. Here, the input
pressure range is 0.343-6.417 mbar (measured by the
reference device) and each selected value is performed
in 10 times of repeatability. This experiment aims to
verify the performance of the developed FFPI that is
its accuracy, resolution, and linearity in low-pressure
measurement.

3.2 Elastic material testing process

To apply the deformation theory for detecting
the dynamic low-pressure using an optical fiber
interferometer, the elastic material has been characterized
for investigating its material thickness, Young's
modulus (E), Poisson's ratio, and the radius, etc. An
example of this investigation is depicted in Figure 6.

Figure 6 shows the measurement process of the
elastic material by using a universal testing machine
(UTM) Model: 5969 from Instron Engineering
Corporation for obtaining the stress, strain, and radius
parameters. Consequently, the testing results are then
used to calculate Young’s modulus (or elastic modulus),
and Poisson's ratio by using Equations (4) and (5),
respectively. These parameters are summarized in
Table 1.

Table 1: Elastic modulus, thickness, and Poisson’s
ratio of elastic material

Description Symbol Values
Elastic modulus of material E 6.365 MPa
Thickness of material h 0.135 mm
Poisson’s ratio of material v 0.49
Wavelength A 1311.82 nm
Bending radius r 15 mm

Laser Diode Controller

.. 1
Reference Pressure
Instrument
s

1x2 Fiber Coupler|

Figure 7: Experimental setup of a dynamic low-
pressure measurement system using FFPI sensor.

4 Experimental Results and Discussion

As mentioned before, a fiber optic-based Fabry-
Perot interferometer (FFPI) for dynamic low-pressure
measurement has been developed in this research work.
The experimental setup of the system is, therefore,
shown in Figure 7.

As shown in Figure 7, the developed system is
composed of 2 main parts, pressure source, and sensing
system, respectively. Initially, when the whole system
is installed without feeding any pressure, the output
signal from the digital oscilloscope is displayed in
Figure 8(a). On the other hand, when a dynamic pressure
is fed into the system, the output signal plotted on the
oscilloscope is presented in Figure 8(b). Moreover, this
signal is next transferred to a dedicated computer and
then demodulated using the MATLAB programming
to calculate the output pressure. An example of the
demodulated pressure has been plotted in Figure 8(c).

To validate the FFPI sensor’s accuracy, pressure
in the range of 0.34—6.417 mbar has been inducted into
the system with 20 times repeatability for each test.
The demodulated pressure obtained using the FFPI is
then compared to that of the reference. Consequently,
the experimental results are summarized in Table 2.
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Figure 8: Output signal displayed on monitoring
system: (a) at initial condition, (b) example of output
interference fringes with pressure-feeding condition and
(c) dynamic pressure plotted by MATLAB programming.

Fern (mbary

Figure 9: Relationship of output pressure obtained
from FFPI vs. reference instrument.

Table 2: Experimental results from FFPI compared
with reference pressure instrument

Range (ﬁ%frg) f,f;’;;)g % ERROR
1 0.343 0343 0.00
2 0.694 0.697 043
3 1.003 1.013 0.99
4 1.330 1.341 0.82
1.682 1.699 1.00
6 1.987 2.004 0.85
7 2331 2389 243
8 2697 2.766 249
9 2.948 3.029 2.67
10 3.410 3471 176
11 3.628 3691 171
12 4.080 4.084 0.10
13 4332 4366 0.78
14 4.470 4.469 0.02
15 4778 4789 023
16 4088 5.071 1.64
17 5212 5273 116
18 5.657 5.760 1.79
19 5.975 6.107 2.16
20 6.417 6.568 2.30

The results in Table 2 show that the maximum
percentage error of the developed FFPI is 2.67%, while
the average percentage error is 1.27%, respectively. In
addition, the relationship between the pressure output
obtained from the reference instrument versus the FFPI
sensor has been plotted in Figure 9. This relation has
investigated the linearity of the FFPI for dynamic low-
pressure measurements compared with the standard
value.

Figure 9 shows the relationship between
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H Average Fror = 1.27%

PFFRI{mbar)

Figure 10: Measurement error obtained from FFPL

the output low-pressures obtained from the reference
pressure instrument (P, and the fiber optic-based
Fabry-Perot interferometer (Pgz;) for each dynamic
pressure range (each averaged from 10 times repeatable
tests). A linear correlation analysis indicates a coefficient
of determination (R*) of 0.9997. This implies that the
FFPI pressure sensor has very high linearity. Moreover,
the percentage measurement error from the experiment
has been illustrated in Figure 10.

Figure 10 depicts the relationship between the
output low-pressure range achieved from the FFPI
sensor and the percentage error of each pressure range.
The result indicates that a maximum percentage error
is found to be 2.67% at the pressure range of 2.948
mbar, while the average error over all pressure ranges
is 1.27%, respectively. Thus, 3 main factors causing
the error can be deduced: the surrounding environment
affecting the elastic material, the pressure leak from
the source and chamber, and the improper sensor
installation. Nevertheless, the experimental results
verified that the FFPI sensor has the capability for
dynamic low-pressure measurement with high linearity
(R* value equals to 0.9997), and also a high resolution
of approximately 0.05% or 0.0382 mbar/m.

4 Conclusions

In this work, a dynamic low-pressure sensing system
using a fiber optic-based Fabry-Perot interferometer
(FFPI) has been developed. The interference fringe
counting technique is applied in conjunction with the
material deflection theory to calculate the desired low
pressure. Furthermore, a reference pressure instrument
is simultaneously operated to determine the performance
of the developed FFPI system. In the experiment, air
pressure input into the system ranges from 0.34—6.57 mbar,

and the testing also are performed for 10 times of
repeatability. The experimental results indicate that
the FFPI can measure the pressure in the range of
0.343-6.568 mbar, while the reference pressure
instrument measures in the range 0f 0.343-6.417 mbar.
Further, a maximum percentage error was found to be
2.67%, while an average percentage error was 1.27%,
respectively. In this study, a total of 20 distinct pressure
ranges were subjected to testing, spanning from
0.343—6.417 microbars. Upon examining the average
values of FFPI within each of these pressure ranges,
it becomes evident that certain pressure intervals
exhibit a notably frequent occurrence. This observation
underscores the remarkable sensitivity achieved by the
developed detector, a fact that is highly commendable
from the perspective of the authors. The experiment
results demonstrate the high efficiency and high
resolution of the low-pressure measurement. Therefore,
it can be further developed as a cost-effective measuring
instrument. Moreover, it could be conceivable in the
future to develop a low-pressure measuring instrument
for industrial applications in Thailand.
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ABSTRACT

In this work, development of crispness measurement system based-on fiber optic sensor (FOS) has been proposed. The
fringe counting technique, Kirchhoff-Love’s plate theory, and sound pressure level method are employed for investigating
the crispness parameters of desired target. Three sensor probe models as followed: model A, model B, and model C are
implemented to figured out the optimization of the probe for measuring the crispness. The basic structure of model A is
using only the fiber optic sensor, while Model B is using a reflective material within the plastic housing to detect the sound
waves, and model C is a derivative of model B with an augmented sound input respectively.In addition, the elastic material
and also reflective materials have, additionally, been investigated to operate as part of the sensing probe. The testing results
found that the prismatic reflective film and the aluminum (Al)-coated mirror is the most suitable material to use as the
sensing to refer for. Furthermore, the model C is an optimal model for crispness measurement. Besides, an acoustic
envelope detector (AED) has been used as a reference instrument to investigate the performance of the developed sensor.
However, the sensor has measure the crispness with a measurement range of 140 -180 dB, demonstrating an average error
of 6.80%, 1.89%, and 0.62% respectively. In addition, the FOS has indicated a high sensitivity of 0.20 um/dB.

Keywords: Crispness measurement, fiber optic sensor, fringe counting technique, Kirchhoff-Love’s plate theory, sound
pressure level method.

1. INTRODUCTION

Thailand's reputation as a global tourist destination is significantly bolstered by its world-renowned cuisine. While the
country's cultural offerings are widely admired, it is the exceptional quality and diversity of Thai food that frequently
draws visitors from all corners of the globe. The aesthetics of a dish are of paramount importance in Thai cuisine, alongside
its taste, aroma, and texture, making these sensory attributes key determinants of a dish's appeal. Snacks are the most
ubiquitous food category, appealing to a broad demographic and commonly stocked in homes. The global retail snack
market exhibited substantial growth in 2023, reaching a valuation of $643.8 billion, as reported by Euromonitor. This
market is projected to maintain a steady growth trajectory of 5.4% annually, which surpassed 100 billion bath in 2023 [1],
also Thai entrepreneurs are driving the growth of the snack food industry. This expansion has been accompanied by a
growing desire to introduce authentic Thai crispy snacks to international consumers. Therefore, it is imperative to leverage
innovation to enhance our products and align them with evolving consumer preferences. A critical aspect of product
development is quality control, with crispness serving as a key indicator of snack food quality [2]
A comprehensive assessment of crispness often involves a combination of sensory evaluation and objective method [3].
While sensory evaluation provides insights into consumer perception, objective measurements using instruments like the
Texture Analyzer (T.A.) and acoustic envelope detector (AED) offer a quantitative basis for comparison and product
development. The challenges associated with these two instruments include the need for international procurement, a
substantial financial investment, and the requirement for highly trained personnel. Thus, this study utilized fiber optic
sensors, demonstrating their versatility in a broad spectrum of applications, including engineering, chemistry, geology, and
communications [4-7]. In consideration of their low attenuation, electromagnetic interference immunity, and compact form
factor [8-11]. Fiber optic sensors were chosen as the optimal technology for developing a crispness measurement device.

In this work, development of crispness measurement system based-on fiber optic sensor (FOS) has been proposed. The
fringe counting technique, Kirchhoff-Love’s plate theory, and sound pressure level method are employed for investigating
the crispness parameters of desired target. This study involved the design and testing of three probe models. The primary
objective was to determine the optimal probe for measuring crispness. To achieve this, both reflective and elastic materials
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were evaluated as potential components of the probes. Multiple trials on potato chips will be conducted to evaluate the
performance of the newly developed sensor. By comparing the sensor's output with a Texture Analyzer and acoustic
envelope detector, a standard measurement tool, the researchers expect to demonstrate the sensor's high sensitivity and
efficiency in quantifying the crisprness of snack foods.

2. RELATED THEORIES

A fiber optic interferometer has been developed to measure crispness using an applied technique. The fringe counting
techmque, Kirchhoff-Love’s plate theory, and also sound pressure level method. The details of which are as follows:

2.1 Fiber optic interferometer

Fiber optic sensors are widely applied in the development of innovations to measure various parameters in different
environments. They are primarily categorized based-on their applications, such as an environmental monitor incorporating
a fiber optic sensor (FOS) has been developed for water quality monitoring, utilizing a stacked interferometer structure.
Furthermore, geotechnical health monitoring has been implemented utilizing fiber optic sensors to study the movement of
subsurface rock masses. Additionally, FOS have been adopted in the aerospace industry for health monitoring systems
[12-14]. Fiber optic interferometers (FOI), a class of fiber optic sensors, offer superior performance in terms of sensitivity
and operational range. Moreover, their ability to multiplex multiple sensors onto a single fiber optic cable provides a cost-
effective and efficient means of system integration. These advantages have driven ongoing research and development in
this field [15-16]. Consequently, the FOI is classified into four types as follows: Mach-Zehnder Interferometer, Sagnac
Interferometer, Michelson Interferometer, and Fabry-Perot Interferometer [17-18]. However, their configurations have
been represented the underlying structure of each type in Figure 1.

Fiber optic Mach-Zehnder Interferometer Fiber optic Sagnac Interferometer

Sensing arm

o
D,
XX B9 bp pustotstsctor B
Reference arm OC: Optical Cougler CW: Clockwise
PC: Potarization Controller CCW-: Courtter—clockwise
Fiber optic Michelson Interferometer Fiber optic Fabry-Perot Interferometer
Laser Sensing arm Laser
Y ;
oc Fiber
IReflector
PD
io—f

|

O
FRA Faraday Robator M
Reference arm araday Rt or

Figure 1 Basic structure of each type of interferometer; (a) Mach-Zehnder interferometer, (b) Sagnac interferometer,
(¢) Michelson interferometer, (d) Fabry-Perot interferometer

The fringe counting technique was incorporated to facilitate the conversion of incoming signal data into displacement
(D). the relationship of which can be expressed as (1) [19-20]

i
Dsensor = N7 m
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‘When Dionsor is a displacement of target
N is the number of fringe
A 1s the wavelength of a monochromatic light source

2.2 Kirchhoff-Love’s plate theory

This theory is commonly used to analyze the behavior of thin plates subjected to external forces, such as pressure. This
is particularly applicable when the thickness of the plate is small compared to its overall dimensions. The theory serves as
a fundamental basis for the analysis of structures like roofs, walls, and floors. When referring to pressure, it signifies the
force exerted per unit area. When pressure is applied to a plate, it causes the plate to deflect. Kirchhoff-Love plate theory
is a crucial tool for analyzing the behavior of thin plates under pressure [21-24]. In this research, a flexible material was
employed as a moving target to measure the sound pressure (Peensor) generated during the fracture of a snack through the
reception of sound waves. In association with the thickness of material (&), elastic modulus of material (%), Poisson’s ratio
of matenial (v), banding radius (r), that the specific properties of the material allow us to determine the relationship of
which can be expressed as (2):

_ 16E4° Dsensor
Bensor = =020 (2

2.3 Sound pressure method

Sound pressure level (SPL) measurement is a common technique employed in food quality assessment. When
evaluating the crispness of a food produet, three primary acoustic parameters are typically measured: pitch (frequency) in
Hertz, sound intensity level (SIL) in decibels, and sound pressure level (SPL) in decibels. In this study, the crispness was
quantified using SPL.c...r, with a reference pressure of 20 pPa (Pg), corresponding to the human hearing threshold [25-27]
as shown in (3):

SPLsgnsor = 20log (22222) @
o

3. EXPERIMENTAL SETUP

In this work, the experimental setup of fiber optic sensor for crispness measurement has been illustrated in Figure 2.

#
J

Laser Diode Source Sensing Probe

i
(t

Texture Analyzer

1x2 —

W

L Photodetector

Data Acquisition Dedicated Computer Acoustic Envelop Microphone
System (DAQ) Detector

Figure 2 Configuration of crispness measurement system based-on fiber optic Fabry-Perot Interferometer

As shown m Figure 2, the structure of a fiber-optic based Fabry-Perot interferometer sensor designed for measuring
the crispness of snacks is presented. The operational procedure can be divided into five steps, beginning with the design
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of the sensing head. Solidworks software was utilized for the design of the sensing head. Once the design was complete,
the clastic material serving as the moving target was tested using a Universal tensile tester model: CY6040A12.
Additionally, two types of reflective materials were tested: Prismatic Reflective film (PSR film) and an Al-coated mirror.
The objective was to determine the most suitable reflective material for measuring crispness. Upon assembling all
components into a sensing head. it was integrated into the fiber-optic system. To evaluate the performance, all three sensor
models were tested on fried potato chips five times. The test results were obtained in the form of interference fringes.
These fringes were imported into MATLAB sofiware to count the number of interference fringes generated during the
occurrence of crisp sounds. Subsequently, the displacement and sound pressure level were calculated. In the final step, the
results were compared with an acoustic envelope detector to determine the error for each model, and conclusions were
drawn regarding the suitability of each model for the crispness measurement system.

4. Experimental results and discussions

The development of a crispness detector hinges on two key tests: elasticity and reflectivity. These tests would as certain
the most suitable reflective material for accurate crispness quantification.

4.1 Elastic material testing

The elastic materials will be subjected to ten tensile tests using a universal tensile testing machine, which is a type of
measuring instrument as shown in Figure 3. The specific properties of the material allow us to determine the following:
thickness of material (/) is 0.22 mm, elastic modulus of material (£) is 2.73 MPa, bending radius (r) is 15.00 mm, Poisson’s
ratio of material (v) is 0.28, respectively.

Figure 3 Elastic materials tests using a universal tensile testing machine

4.2 Reflective material testing

This experiment will conduct a comparative analysis of two reflective materials: prismatic reflective film and an
aluminum-coated mirror. To facilitate this analysis, each material would be affixed to a speaker and subjected to a 1 Hz
sinusoidal signal with an amplitude of 2 volts. The results, as illustrated in Figure 4, indicate that the aluminum (Al)-coated
mirror is the most suitable material.
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Figure 4 Reflective material testing and experimental results

4.3 Design of crispness measurement system based on fiber optic sensor

Three sensor probe models as followed: model A, model B, and model C are implemented to figured out the
optimization of the probe for measuring the crispness. The basic structure of model A used only the fiber optic sensor,
while model B used a reflective material within the plastic housing to detect the sound waves, and model C is a derivative
of model B with an augmented sound input, respectively. A comparative analysis would be conducted on three models,
each of which will undergo repeated evaluation using potato chips as a test target. The primary objective is to determine
the model that exhibits the highest accuracy in quantifying crispness. Thus Figure 5 offers a visual comparison of the
models, while Figure 6 displays exemplary outcomes from the testing process, respectively.

Model C

Figure 5 Three sensing probe models development for experiments

)]

Conpness pratonts amberctpets
Criginess <ianal from FOS _ Urmpmes sl ot sumberctperks

(b)

Crispiness signal o ACD

1yl

|

Figure 6 Example result; (a) from fiber optic sensor and (b) from acoustic envelope detector

The results of model A was found average error of 6.80% The observed discrepancies can likely be attributed to the
detector's bipartite structure, which may compromise the sensitivity of the device to crisp sound signals. While Model 2
exhibited a 1.89% deviation in error, it demonstrated a significant improvement in sound reception. This enhancement is
attributed to the direct alignment of the sensing probe and reflective material within the plastic housing, enabling optimal
sound capture. Moreover, Model 3 exhibited the lowest error rate at 0.62%.
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5. Conclusion

This work presents development of a crispness measurement system base-on fiber optic sensor. Focus on developing
probe sensing for measuring crispness by using 3 probe models: model A, model B, and model C, the models would be
differentiated through structural alterations designed to suit the unique demands of this experiment. Potato chips would
then serve as the standardized testing material for all models involved. The fringe produced by the custom-designed
detector serves as the input for MATL AB analysis. This analysis yields quantitative measurements of displacement and
sound pressure level. Subsequently, a comparative analysis is conducted between the calculated SPL values and those
obtained from a reference measurement device. The results of model A was found average error of 6.80%,1.89% and
0.62%, respectively. In addition, the results obtained model C was selected for use with FOS as it was found tobe the most
suitable for crispness measurement and exhibited the lowest error rate when compared to other model. Moreover, the
sensor has measure the crispness with a measurement range from 140-180 dB and analysis revealed that the developed
crispness measurement tool exhibited a high sensitivity of 0.20 pm/dB. Future research would involve explanding the
application of this probe to a diverse array of products.
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