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T LUXVEHTRIB L OV A U —WEAE T 7 A RN oY RS DY
T 2iRE L U VAT MZEAFRPO RTMEICEB T AE=4
v 7 REDORTE

UTAE, HkHE & BHE 2 fL A o - A4 #H(Fiber Reinforced Plastics: FRP) A3, #%&: 7)o i bl
FE, i EERITE & o T B TR REME 2 B H STV AL FRP O HEEHITIER L CTE Y,
WZEFTH 70 E QS B 72T T <, BENESEIC G H 23R > T\ b, FRP AL oSl T
BIZBW T, RER X OEGAEIC L 28R O{LE DO ARE—{b, FEIGIIC L D5EEER
REDORENRAET IERNN DD, E7-0E80 0, FRP B OREIE /ST A — X 133 THERAA9IC
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F9, 7 URARIRAEET 7 A X oA W 3R - BHETIR O FRP I FTRE 7 E ks
EOMLERE Y AT L& L. e LT, @EHOERENET 7 4 R EfiFIckt LT
N ERRIEZ T 2 @EEHE 7 7 A "B L. 2 LT, iiFERICE-T, W
W7 7 AN OHRBEREEZH LI L2, &6, MITHRAEGEXT 7 7 A4 32
&%, BIROBALERIEICL > T, MIFHEANELEONEREEICS 2 D EEZHLNCL
7-. B 12, VaRTM(Vacuum-assisted Resin Transfer Molding)#:(Z X % & #h 24k @ GFRP(Glass Fiber
Reinforced Plastics) DAL E 2 HDIAA TN T 7 A NEB I Lo TRG L7, ZOREE, #o
IAFIZ L DT HEENE(LEDOHEREIC G2 DHED A T =X LB LN o T,

WIZ, 7 VRNVEIRRSE T 7 A4 SO IAR R Bt Y 7 S ORI T 72, #ifEk Y
Ral—va OB EToT. BV ET Y 74— ANIHOIAATERICA L DK%,
WARRGIEIC L > TRRT D FEAREL, ZhE B LmFBEES I 2 L—v 9 V2B
L7z, &7z, BRMEE OREFERICE > T, K= b—v a3 X 2 BEEO TR RN %
VTHHZEDRHLMNIINTE. 5L, ZERIZBEEP/NE S EE LTI OIA BRI 23
ETDHI LT, 3T - HEHEIIK FRP OB{LE N EREERNE CE 52 2R LT,

ZLT, LAY —HWEIENT 7 A "0t EHNT, BIRERTYOTY 74— LDER
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N TIEOT AORIE RN S D Z ENH LN SN, £ LT, HEINTZOT oA
W27 V—AMESELAZEAT A2 6T, BB L LSBT 570 -7 MERHTED
ZEDBHLMNCEINTZ. BT, ROV A Y —BEARET A NG Y E T T — A
~, BTRICLUTHRAAT D LIk oT, 7u—7ay " 2RITEMICE=X )V 7T 52 L
DHIKED Z ENHLMMNZ ST,
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Abstract

Development of a monitoring system for RTM molding of FRP by a
multifunctional sensing system composed of Fresnel’s reflection-type and

Rayleigh scattering-type optical fiber sensors

FRP (Fiber Reinforced Plastics) is attracted attention due to its superior mechanical properties such as
lightweight, high specific strength, and high specific rigidity in recent years. Therefore, FRP is utilized
for advanced products such as an automobile and an airplane. An unevenness of resin cure and a residual
deformation may cause during the manufacturing process of FRP products. In addition, manufacturing
and development costs of FRP products are high due to manufacturing parameters obtained by the trial
and error method. In-situ process monitoring techniques are thought to be very effective to cost
reduction and quality and reliability improvement of FRP products. Therefore, many sensors and
sensing methods have been developed to monitor material status during the molding process of FRP.
Among these sensors, optical fiber sensors are suitable for in-situ process monitoring due to high
embeddability, long-term stability, and high accuracy. Therefore, we paid attention to in-situ process
monitoring techniques by using optical fiber sensors. We aim to develop a monitoring system that can be
utilized in the all-manufacturing process of FRP in this study.

First, a high accuracy DOC (Degree-of-Cure) measurement system was developed that could be
applied to 3D and complex shaped FRP by Fresnel's reflection-type optical fiber sensor. Standard optical
fiber sensors for communication and high-flexibility optical fiber sensors were used in this study.
High-flexibility optical fiber sensor has optically high bending tolerance and developed in recent years.
Optical bending loss properties of both optical fiber sensors were obtained by bending experiment. In
addition, it was revealed that the mechanism of the effect of optical bending loss on measurement
accuracy.

Secondly, a bending loss simulation was developed to aim the development of a deciding system of the
optimal embedded path. An optical bending loss prediction method was proposed that based on the
optical bending loss property, and an optical bending simulation was developed. It was revealed that
prediction bending loss by the simulation is agreed very well with measured optical bending loss from a
comparison experiment. In addition, DOC measurement accuracy was improved by an appropriate
embedded path of the optical fiber sensor at the VaRTM method.

Thirdly, it was developed that the detection method of flow-front during the impregnation process by
using the Rayleigh-scattering based optical fiber sensor. As a result, it could be measured by the optical
fiber sensor that strain distribution of preforms during the resin impregnation process with good
reproducibility. Besides, the position of flow-front could be estimated from the measured strain
distribution using interframe difference precisely with the good agreement of visual observation result.
Besides, it was revealed that flow-front shape could be monitored in two-dimension by the single sensor
with grid layout.

Finally, the multifunctional sensing system was developed by combinations with Fresnel's
reflection-type optical fiber sensor and Rayleigh-scattering-type optical fiber sensor. As a result, it could
be measured by the multifunctional sensing system that flow-front, thermal distribution, and DOC of
GFRP (Glass Fiber Reinforced Plastics) during the VaRTM (Vacuum-assisted Resin Transfer Molding)
process.
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1.1 WFERER

WA, R ORI DM EAG DY S Z LI X0 BT S DR VR A R
HHLTEMEICTH D EEMENR, ZORmWEENSER ZEDRT-HOH ORI Y O it 755,
DD, fHiZE s FHABH OO E CIEAS SN TWD. HEMEITIE, (=Y v
7 A) e BALMIZ Lo Tk T 5. Bt bDOTHIZ D72 01, 8kiiar 7 U — e ERZETF 5
W, ZOGERMNRar 7 ) — s ThHYIbAIIEAN & 72 5. HEAEMBIORELITH WA, EE
FPEFILZE 53 B CEH SO T2 DX IR IR KRR TH D, AMIcT7 = 7 — W iiEE &R
SHIELOR, VT ABHEIC AR UBIEL BRI bONR TR Th oo, BERIZITEOE
AT RFPEDS G S 4, MRHESCRBINE ISR 258 i Bz b T & 7.

BEMEIN TESBHICB W THEAED DRRKOER E 20X, Wik 7 2F v 7
(Fiber Reinforced Plastics: FRP)DFEAIZ & 5 [1, 2], FEAMIZ FRP 1%, R & 25 88(7 7
AF 7)) EHEIC Lo TR SN D. BIR(T 7 AT v 7)) I3 —IC a8 & bl U TR
DR PE VI 8, AT 58 S & R DR O TRALARME L A GO D Z LT L o THIIRZIT WV,
FRP (335 OM B OB TR 2 R R DI 268 L 7o TV, 2O XK 512, FRP TR
{EARHE & R IZ Ko TR S LT WD 72, EDOMAG ORI L - THx 2N ®H 5. FRP
D FRAARHE Z TR BN T 7 Afk#E D 354 13 GFRP(Glass Fiber Reinforced Plastics), /35 fiiE:
D 54A CFRP(Carbon Fiber Reinforced Plastics), 4~ = > @334 BFRP(Boron Fiber Reinforced
Plastics), 7 7 X RFifk#k > AFRP(Aramid Fiber Reinforced Plastics)72 E 23 5. 7=, bS5
BEpF OFEFE & AL AR S & BT ¥ MEA$HS (Fiber Reinforced Thermoplastics: FRTP) & Uy 7= 18I
Wit E Y, 4 J&(Fiber Reinforced Metals: FRM)X>t 7 X+ 2 A (Fiber Reinforced Ceramics: FRC) 72
EbdHbH. ZOFRP D KOFHAZ MR T LI THRNEWS 2 & THDH. ZORMEIT T
¥EFIZBWCIEFITHER R DO TH Y, FFITHZE - FHOIFIZBOTE, BWEnd 2 &R
WEMICEE TH L7 FRP OFHDNEWMAICED b Tnd. BINEEREGS, M %
LEEETHI - - LR EE, o VA LEE CHlo 2 LR O THEOMRE A M5 Z &
MWL, O, s, MR THEAME LMo EOME A kT 5 &, EEMEIO
BAMERN IS &0 L anb(l]. @BICIE 4 OBELIETN D, HIREEIX4.0 X 10%cm, k=R
TI34.0x 108cm EWHBENRH Y, ZHNEZEIET D DITEG TIERWA, EEMEHZB W T
BT HZENARETHD. £72, FRP OF _OBENT-FFEITRFH TCEH2MEITH D &
WH ZEThDH. FRP O LHkHME A FEIE 3 D BRI, — IO BRITHERE LIS A 135 E D
\ZDRBFRN— SR 720, B A LT+ —0D FMICEROLND ET VI NVTF
A EeD. Fle, ZOT U TNT T A OFRAGIEHMED M & H3(0°/1£45°/90°) DA FEIZEHA HAL TV
L85, FRP Z EDHGMNZH k> TH MMERNFE Tl 2 RUETEMEE 2D, Z0 85
2, FRP TIXFFED HIM ORI Z98FgA L7z v, BEIE LR E7o 0 L iRk % 2B 23851
L ENHRD.

INETITBARTE 22 0D, FRPIMMENT-FHEE S BT D2IEFITEFHIRMETH
LMD, DD, DENIEBMEICELN TEL DN, IEFTiX FRP BV £b-o
TN R A R FICB W TOIEANEA TS, Lo Lensb, [RIRFCHESCHED %<
HATWAHMEITHD. ZFONAMERE LTI A MDOE S, REEMEICTH D =058
FHE - BEIOE L , BEFIEIC L o TERBWEOREWR ENRSH L. ZOHFTHaR D
B SILFRP ORE L 22 o TV D, 6K 5, FRP B OBAF TiL, BRI S L7k 1okt
THNFRBROBIEZE LT, A FROMER EZRDD T LICXY, RO Y% 1k
LIBARMFZIREL TV D, ZHIERBORFEICL Y, SRICES HRFHSCEE, %N
Brp D70, WRICE LY THEEREZRSGEEZFITIR L CRORITIUT R 620, Z o7
PERRIEIC K DRl RIE S O EIXIEE I A 3000, FRCKB OGO IZITER
DERFEIZ 2. 612, RO O ITITIRE AR X > TRIFEIRE OB L E O R ¥ —1{k
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WELRTWNWI ENRMBNTEY[Z], 2NHICL > T X - SNABRISITBRREER %5
TR L, HHBRNOOBRMAER . RFHTRNLLOBRBUIT2DD, BMOARMEL G-
BT LWnWHZEThY, BEaX NAMINSE THNZELELZ21CH75. FRPO = A |k
OE I, BREOMESRICED LORET ThrFEBIECKEFEL T DIHrbH 5. BE, #i
ZERED L TEEDIZE A LA — NI V=T HEDPHLN TV, ZORBIETE, V7
L 7 (WEAHE R 2 5312 L COELIRIEIZ L= b o) 2 AL L, 7 4 VA CREEBm k% 5
STREL, XXUTEITVEE - R LizEE2A4— b7 L—7 (B - IERIEZL)IC AN T
NEL « INE UEIE 5. IIEIRRE TR B2, [FIRFICIET 5 Z & TRIIBRNORIEZ IS L,
ME~OBEERMEZRS T2 CRME SEMEDOKEMESD Z N TE 5. £/, FRP
DBRPEIC K E BT D EE /R8T A — X {HERFRE S A % (Volume fraction of fiber: V)b, 7'V
T HWEER A, MEMRETHLZENLEW. LLAERD, FA—h7L—74n
IKRBORE, TV T VT ERETLIOOEERM L, BEREEM, RmERE NI
FICREWZOH FRP OE a2 A MEEBIRTARKEE 2> TLESTWS. BLEICRT LR
END, —AIIZ FRP IEE 2 A R TH Y, 2 A2 MEJE B L7283 <iThbiv T\ 5 [4].
BRI CIEERITERR 2 O L, 2RISR SRIECRIE FIEORBE M ITZ 2 Z E N EE S,
FRP OWNEIREEZ Z DBE =X Y 7T HZOERIEE=4 U > ZHIiRHEZ <R ST
. WIBHIZBWTIE, BaA A — b7 L—TENLOBAZBHELT, FEA—F7 1L —
~7'(Out-of-Autoclave: O0A)RIEIENTEH # 4%, RTM(Resin Transfer Molding) 72 £ DR EAH4F
% (Liquid Composite Molding: LCM)DBRFE S HiL T 5. RTM LT T s bikiE >V 7
F—LEREACEE L, v a7 MARA U CER LZIRETRMEIEZIEAN, SRSET
KIET 5 HETHD. BHRIRORGEEZ KRB TELZ LR, 7 —X[E Th D7D RE
D EEEDIEFICHE THDZ L, WA EDIXL S NEN LR ENLIEEREE- T
Wb, L7 n, RTMIESL LA A VB L5720, A— 7 L—7k L g3
LEEMTHLN, LTEWVWEEFIELRVREREEH(#H1L. 22T, 20O RTM £%
ELIZEMICT D8, JRE L7k & LT VaRTM(Vacuum-assisted Resin Transfer Molding)
ENRBRENTWS. RIERR RO O FIZEL#ET Y 7+ — 24288, BMEL<T, 77
AF w7 T 4 NLIRETEAL, BZEG| &%, WKBIIEZ EANTIRT HBETH H. VaRTM
X, KA - HHIR OB 2 — K TE, KN 2RIENAETH D Z L HiklFikg
BRANLMTHD., —HT, BEEZEHICTDHZENEELL, ERCMbEEN TRV
ED, B LEOARY %25 LT WA EORMERLAE LTS,

IR, BV EORBRELHE ST, B OFOERBE=F Y 7 HiEoE oY HEiioM
FEIMMTDOI, FRP E~DHA b#EA TV A[4,5,6]. RTM 72 & D LCM IZBWTlix, FRP Dk
BE=H) T TRHRLE DT o AR, LT Y 7+ — A ~ORIEER 72X,
DOfiF{fb7atv A, Z L THARBICE T A 2mEAI 7oA Led. BEER7vevATIE, BFE
DFEFMHFIT L > TRERARA FICLDERPCKRZRANDELLENNHY, BlEO7r—T71
VREZZ YU IMELAThN TS, BIEOFEIC L - TEA BN KX BT 52 8
Nh, BELL OBV E#EHATLZENTE, PRLZHRIITOITWD. Bl kg2 A
VN2 FRP Offifk, 7 1 A Tlx, B LHERICE > TR b+ D VR, FHEAE, M, 3P, &
W, LA O T A2 B, TREISHIE L2 Tk, BrdickoTllESRS. BiHI7 o
TR Lo THELLIMEFEOT AL, REERS L OEREIC I 2 5 2 2 HEERIEHT
b, K77 ANOTHEV Lo THIESIND. RLICBEZOHREE=41 7Dk
VHELTIRESN TV DL EREU Y FEE, WERMSORE 7ot AL LHIRT. £E=
Z ) v TEeE o HA e EICBE L COREMAE ML 2 I TR T A0, BEZO LI
B D, TOWE=2 ) THFOE P HIRES A TEY, ZbickoTY T ¥
A LA THIE &z FRP ONEE#RIZ, FRP ORKIE 7 0 A iEbicHW LTV D, S 6IZ,
HDIAHLIIDE o YIXEDOFEFE FRP M 2 EH P OERESEE =2 VJIEHT A2 &
WABER L DL Z W2, RN LIERF O, T L TEECELIETERILEV Y TE
=RV TTD, FGATHAINE=F ) TR EREED TS,
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Table.1.1.1 In-situ process monitoring methods and sensors for FRP molding [4].

Sensor Subject of measurement Molding process
Thermocouple Temperature All
Pressure sensor Pressure Flow

DEA Dielectrics Flow and Cure

ETDR Dielectrics Flow

DC Resistance Flow and Cure
Ultrasonic Sound property Flow and Cure
Optical fiber sensor
Spectroscopy Absorption spectrum Cure
Reflectometer Refractive index Flow and Cure
EFPI Strain Cure and Cooling
FBG Temperature and Strain Cure and Cooling
Distribution Temperature and Strain Flow, Cure, and Cooling

12 ZOBEBBE=FV 7K - B E

FRP OREGICHEWTIHER T XML, 7 ut 212 ko THEAR D DS EEEHIE 2 -
FRP 056, WALSS, 7k, MEL « mENC K 28 K O LIAE S 280 Sy, B Y s
HE% V2 FRP T, MEAEIREORESLEE & 281 b 5. BALSIIBHE DR EZ L & e T2,
FHE O EN MR FRP WO AR A REIZIC R & KB EZ 5 2 5. 7 kic X 2MIMEZ L & nE -
HENC L 2 ETO LI, BIEFHEIS IO HEREICRE B2 5.2 5. £, BWH
PERIIE DB EIREORE L S FRP ORFEIC R E R B2 RITTHERNRTA—FTh5H. Zh
HIZINA T, LCM BB DG EIIBIEEIE 7 n B A bR T RE\EERE=X Y Vx5 L 72 5.

ek, M7 av AZBWTERETA2MLERH D N0 OWHEE, DEOY TV HMIE
RO 2 AW, B{LE D4 DSC(Differential Scanning Calorimeter) z V7= #5AT, kG
FESCHNME D Z kI L A A — % <2 DMA(Dynamic Mechanical Analyzer)iZ L - TR LN TE 7.
IO DRBMNEEZRD D Z L13 FRP OMERIEZRE T DT DICHEFICHERZ L THD
D, EBERORKIE ST RE S BRHBREMNTH L1280, IEMICEBREORIZRICI T 2 2L
ZTRT 52 LIRS TIE R, Lo, EROFIETHIE, EEORIFIZBW TITIRES
HiOMHE S A, HED F LN TOREL TV b D LR CIZR L RWEGES, Z0RE
IZE DY THESRFAZROBETVLEND D, ZHUTHIR LT, ZO8RIEE=4 1 7 TILFRP
RENZHDIAATE B EH WD Z L2 L 5T, EBEOREFECHERIEVWETOE=4Y
YIIRRRETH DH. EDIH, EOLGKIEE=4 Y L IXER ZED, BIEOEOLGEE =
2V TRENGHED, FRPEIE~DISH S, Fim CHil~TWD X 9 IZEFED & o Hdir
DIERIAfENE AL TN T2[4,5,6]. ATICARERNRE=F T » ZHITIZOWTRERT 5.

1) # &/ (Dielectric Analysis: DEA)
% 7E/> AT (Dielectric Analysis: DEA) Tl, EIBHICHBEAR THLIBIENFET DL ar T %
T 22D, RMBRENNT DL CTELIERFELRLZNET D, JEE=41V
BN TE, BEBENEERB(LERT20EH SRS, BHNIC DEA 1%, 7 A%
SRORETER, HRA A L REEE DSH ) 72k 1 & OFIBENS RV oo LR D=2 U 7125
<HWBNA[7,8,9]. DEADZD 7w AE=4 1 7 ~DIEHIL, #FEINICEL > THDL
NIZFFEIEECX v v & v A& O L E OHEE[10, 11, 12, 13150, BHEEZR 7 rt A D~
n—7uy MEH[4, 15l b IS SN TWD . ITETIE, HOIARMERED [ LD =izt v
D/ L S FHFIEDBIFE /2 & b IThNTWA[16,17]. Z D X 912, DEA TiHHE D&
- 7 -



TatvATT7e—78ny NOKRBIZGHATE, BIEOMELY vt 2BV CIIEIEELE,
ErERICBHTES. LLERL, B ERREWVWTZDICHOIAAIZITE XTI, FRPWN
HAZHEDIAA TR L2 B IXF O N KRiaLE s> TLE .

2) ETDR(Electrical Time Domain Reflectometry)

ETDR(Electrical Time Domain Reflectometry) Ti, 1§54t & 77 7 v RERE OB BRI BRI
M TIAD b D Z LT XV SN 58K 2 FRP WENICHLOIARE =2 ) 7 &AT5H . &
Wk 2 a3 2 BRI OE— RBBEOFHERB L OEHRICL > TIRESND T2, EHK
POBNEDHFIEIZ L > TA L E—=F U ARRKRE AL, BHE L 2250 S CTIXERLE A 5O
T5. XoT, ZThEFHMALTETDR TiL LCM RIEOBIEREIT =4V > 7B I TH
D, KEHEOEREEMZRO D Z LIk T7n—7 8y hOENART =4 N TATHET
HDH8]. E£72, BHEEEL7r—Tnr hOEFE=Z Y 7T TR, WRE, HE, O
HIpErT=L ) 7T HFIEBMIGER TN TVD[19, 20, 21, 22].

3) BEHEWHE

AT E CIE, FRIER O MBCORELEUGIT K - T, BHIE O BRI X OVEREE DS K
L BT DD NI R, FRP OF R EENRIETICET S, Leh-T, Tibx
BG4 252 & T, FRP OEFRHIERSCHALE ORE « HEENATREL 725 . B IHIE ORIEE
E LTI, FiaE, MEHE, 7 ARMENHWLRTWD. BEEHIEE, BRI RE O
{LEERIZHE > CTHEHRIZ LR L, FYUbR &8 25 s b5 T CHIFICED 75 2 &
SELEDE=4 1 S &N A28, 24, 25]. Mz T, BERHEICIS W THAE DA %
MBI 5 Z LIFBESH TH DD LCM IR 2 BIERE Yo 20T =4 Y 72 b L
TWAH[26]. EBHFHEHEITIEEMTOE=4 Y > VR AHETH 5 )i, FRP WO JRATHIZR G
WETFMCERET 2 2 LR TH S,

ok, BTE, B 0 o EINRENEISH LI FRP OZOSGRIEE=4 1 7
WOMEHENED S TWS., ZhbDk Y - 5= ) o ZHiioh Ty, 7743k
Y AN L OIIEFIEENTHY, ZORHRERALTWD. 7 74 32 OfEHH
IZZIEICHEY , ZHUICHE-> T FRP K EZE =41 v 7+ 58 b L < RN T T
W7o, WEN 1.3 TIREMIDE T 7 A XU D OiAEZ, TEREINTWDLIE=XY T
Hifo L B2 —%&E0TIT).

13 77 AN HICLDEDERFEET=F2 Y o T HHf

K77 AN EE, KT AN THEESNTZWES AT LOZETHD. 77
AN, AEATTART T AF v 7 TEEINLMBEOBHEROWETHY, —fikis, a7
MEENDFLERE a7 OAMINCH D7 T v K, T LTEND %D YD = EEEIZ /2> TV
. ariFr 7y FEHB LU THNRERPE K SNTEY, iIar7#zEe LUsEIh
L. FERNT 7 ANL 5 HET, KOEBEWT 52— FOEDEV B)DKIZL > T [vLrFE
— RFMM)] & T Z7vE— RESM)] © 2 fEICKRKIIESNS. LT, vV FE—RE7 7
AT AT ORITERGAH LT, ATy FAM Ty 7 A28 & TV v—Fy KA T v A
(G @ 2 FMgHIZ, Y I NE—FHT7 74 8F AT v 7 vE— R(ESM), 587 b -
YU NVE—RDSF)) & FEFES#Y 7 b - 7 0E— F(NZ-DSF)] @ 3 IS
L. —RICELSBERHENRTWDE T 7 A NFEICHAY 7 rE—RESM) E T L—F v RA
Ty I AGN)ThHDH. SMIZarEEZ/NSKTHZLETE-—RZLDCLENT 7 A THY,
MM TR HNT2E— FOEWIC K D EIE S ORI HAE T, i TR EZ AT 5.
SM %, 1310[nm]HAZFE LTI R #E BB S EESHORMIC LY | HOREDE RO HBNE
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W27 DWW RS 5 To DR EH MR BN FFEZ A L, BE CLE L-BENRDLND
BRI O N TS, —F, Gl IZaT7OREFTRZI/ODICOMITETE Y, MmERIZIT
50[um] £ 7-1% 62.5[um] D A T EEF L TWD., a7 OEIFTREZBELNCHOMEELZ LT, SI
WCAONDEMESDOEANRKRELLLESINTEY, MM EDE— RO L E CHE T
WINDLIIToTWND. SM & HEET 5 L EEHENPRE VD, RSN OZMTH
572%, LAN 72 O FEEEHREER & LA VSN TWD. BIFE, EHEEHRE LTk
LEHEINTWAE SM AT A NZaT, 77y REBICHRET T ATHEINTEY, Z0
EAX 125um EHIVy. B, B E L THEED 80umd Y7 7 A N HiRESNTEY, 2
ALV b FITHIWVER 4J0pmD 7 7 A N B SN TWD[27]. 67 7 A 73 o I3HIEE - fk
HEIRTH D720 FRP W ~DOHLOIARIZ HE L TR Y, DAL OEEL F/NMRIZIZ 5 Z &
NS, E51T, K7 7 ANV F IR EEZ D Z LIk > T, BIEDOY 7K, BITE,
RESOT Ble Ekx et 2 A E T IXRFTICES T2 Z E BN AEETH Y, T b OF
SRETEI UTo bk 2 72 o) 72 5 =2 U V TEIRRBIR ST D, BLFICRERNRET 7 4
UL DE=X Y U TEIRIZOWTREIRT 5.

1) Je7 7 A \0eE

W7 7 ANGHEITIE, o7 7 A NEHWNTHNEZ AT 5 2 & T FRP NE O3 EHIE &
179. Figl31 IZRT X, ZoF Lo PTIlEoTHRT7ARDI T REHID, a7 b0
Thot(= "%y 22 MR)PBIIEN O 2B L ET 2 FIERREEINTNDS. ZOFE
TIEHERIR AT MVERIE L, TRF UBAEDOG AT R X VROIGE Y — 7 Nl LRI
WEABR L, HMRTOHTZ2E=X V7952 L THLEDOHEENAHETH 5.

Resin  Light

Evanescent field Clad

Fig.1.3.1 Schematic view of fiber-optic spectrometer (evanescent-type).

Nair 51%[28], 1 2D} 7 7 A 73k > % T EFPI(Extrinsic Fabry-Perot Interferometer) & = /3%
LU MUY EBELE, OF A, BE, BIBORITERES X OREKGEFFICE=4Y 7
THZENHKRDEHAER L VL AT LEREL TS, £, ZOZHER V&4 — 7
L—T7RIBIC & D GFRP DL ORI AT Fov, RIEOIRITER, OTHOREHEZIT-
TW5h. Wang H1%[29], K7 7 A B HIFHWTIZ, GFRP OiifbilkiE Toh 2 7 AMED
FOGTOMALE=F Y VIR TELZEEZR LTS, T AL EHET 23Rk
Yo MOWINIZIER L, B{LEDHEE LI1T>TCW5. £, ZOFEEFT Ty TV T
HOBHIZBHEHTELZ 2R LTV,

2) T A NSEE

W7 7 A NSEFTIE, Figl.32 IR X D ICHE TO 7 LRIV EFRIC LTI 7 LRIV K
AL Figl3l IR L TCW Ao REHE R UE T ARy MMEEZH WS Z ARy |
RS DH., 7UVRNHE AR 2y MO T 7 A4 SEEFHE, EBH0 087 74 3¢
BIRE OJRIT RN R D Z LI Lo TELDKHBOENEZRAL TS, BIIROIRITHRNEE
RIS L T LRI L > TR O AT 5. 20BN THL Z LD,
JETRE L VI LEZHEE T D 2 ENARETH D, £72, 2R EMBIEDRITRN K& < B
LZEmn, MEGRIETOZa—7ny haRET25 2 I35 THOFIHT L Z RN
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kD, LR D, SAlEEZZEZ Iy —ATIIZHov V28T H7-00HF 0 EHNT
F7e0. BT 7 A NI U, REEENES I X PRV E WIS RIEAEGET S.

Lekakou 51Z[30], #HE& R TRICBIT A7 —70 L FOFE=F Y U VB IV, =R RF M
JeRof{biERE=X ) o T "%yt MO EZHNTITo TS, = ARxy kU b
Mot Itk -> T, BigOELEREEZE=4) 7L, kol tuny—FT—%L—%T2%
bR TE DL Z 2R L TS, Afromowitz 5 13[31], ELIEFRIZ I 1T 2 ZAHE L P Asf
NEDJRITREA b Z 7 VRV O® 2 D THUS, BVHTic Ko TR DAV R & o
BIfRZ LR LT D, ZOFER, WITREL & H{LEOBMRA LRI L > TR %
ARLTWA. Liu H1%[32], 7 VRV B CHIE SNt B2 LE TR OJEEIC X
STERET 5D Z & T LEERD D HEERELTND.

Clad

Resin
Core ==

Fresnel reflection

Fig.1.3.2 Schematic view of Fresnel’s reflection-type fiber-optic reflectometer.

3) EFPI k&>

EFPI & i, Figl33 12T LT AT EKFHHD ZARKDNT 7 A4 "%, BT AE(F v
7 VYNTER(T —VR) A TREREEDETEEL RS, Xy 70 &7 7 A4 NTEH
BERREEZAVTHEESNTREY, v v 7E L EERICESTOM OB, — ) 2k
WHZLEMARETH D . EFPI & 2 I O KORIIREE N @ < IRE DB EZZ 1T W2 LT
bbH. —HT, BEEXRNUUTOND XD ICHEFITERLTWVWEN I RERH Y, HOIALME L
VN9 B B 1%k o> FBG(Fiber Bragg Grating) > Hic K& < H->T L% 9.

Optical fiber ~Glass capillary tube

-

P

Gap length

~
-1

Gauge length

Fig.1.3.3 Schematic view of EFPI sensor.
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Kalamkarov & 1%[33], FRP D 5| &4k & B 21T 9 BRICAE L 2 O3 O RIEIZ EFPI & >4
ZHWTW5. Jiang H1X[34], EFPI ¥ 2O EFPI & V0 “fEZH\5 Z L T,
HESCTWEL R LT @G E O OF ARERE M A E L T\ 5. Yu H1E[35], EFPI &
L FBG Bt HEMAaG b2t V2L L, OTAHABIONREOHIZIT> TS,
Yu 5[35]%°, Nair H[28]DAF4ETH A HALH K 512, EFPHIZZEEREE o o—f & L TlAA
Fh, FHENTHWAEARDS.

4) FBG k&

FBG B HiX, X7 7 A O aT7HO—H STk LT, EM BT RE 0 E RO 123
RENTWD. FBG & O — i 72 8 RIT Fig.l.3.4 IR T X ) le~w A 7 WLEER— B Th
5[36]. ik~ A 271X, AT 7 A EMROEXmIZJEP 2 MME K LI-HDOTHY, (ifH~
A7\Zae—Ly MEREASFT L LT, ZLoOEPRICHEISNDS. 2095, +1 KL
LA OEREDREIZE s TELGNA FWREZFIALT, X774 0aTHIcT L—T 4
YT EBRT D, A~ A7 IETIERE - OREE RS FBG v U 2 HBMER SERTE 5.
Fig.1.3.5 279 L 912 FBG & U HZJAWIBOL A AST3 2 &, MRS L7277 » Z R
DL, ZOHRLEEDY 7 M&DIEE EOTHOMFIZHET 5. LoT, 77 v 7%
EOWREY 7 FEMD, BEBLCHOTAZE5 Z LMK H[37]. FBG & HiTmnrd
HEE A L TR (—BAICIE Lue), ZEMEDE S, FRP ~OMDIALZMEIZ HENLD. £ DT
O, EREASMEE =% U > 7 (Structural Health Monitoring: SHM)(Z35 T, FRP OWNHEOT 2%
WEST DB ELTL, FBBGEV YRR ELZI AL TND. EHIT, FBG B TIEXD
THDOFAAHIRENFIHETH Y, EFPI ORI 7 7 A 2 oY B LA G D TEHRE
o O—HE LTHLHAWLNLR Y, FBG & BT 5 L2203 Thit TV 5[38].
FBG & HIEHROTAOREICL S Hnbisn, ZnLSMI B REIED 7 AL Z A
fbEwvoie, EEBRRIZI T DR S ORIER I HISH R 72 TV 4 [39, 40].

UV Laser
Transmission
phase mask
I
Clad [ M r1r1r
Clore 1z —Interference fringe

AT TLLET TN TT —

Fig.1.3.4 Schematic view of FBG manufacturing by phase mask method.
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Broadband Input Transmission
1 [ L~ 1 I
| A | A
Light

| Resin
Bragg Grating

Narrowband reflection

A

Fig.1.3.5 Schematic view of broad band light incident FBG sensor and optical spectra.

5) B-OTDR

B-OTDR(Brillouin Optical Time Domain Reflectometer) Ti, 7'V /L7 U HiELZ KR OBI% & L
THET D2 ET, K77 A NORSFMTIR > TAEBEONEOREEE LTT VLT v EEE
U7 MERETDINRHERD. OB T FEPET 7 A N T B IRE N O
BT U CRIBICZ LT 5 2 L0 h, B 7 MK VIRE - OFTHAOSMREEITO Z &N
Hk s, ZERIDMREIIN SV ADIEIZ L > TR E D, B-OTDR DAL AT AT, ZEMfiE
BEEOTAHALEEDOHEREIXN L — RA7OBMRICHS. EFPI B3 FBG VD L 9
e R ERR RN, O E A — MV OSAARIENAEETH S Z L vn, KT FRP
BEA~OWAA A SN TEBY, KO H1E[41], B-OTDR IZ X > TKM CFRP #iED T 1 74
AINE=F ) T RIEOREEI T TIN5,

6) LAY —HEIRET 7 A oAk Y

LA U —HELEDE 7 7 A N3 ' > W (Rayleigh Scattering-Based Optical Frequency Domain
Reflectometer) Tid, K7 7 A NOEEBKOARESIZ L VAT D LA Y —BELD 57 % JE A
BRHAFHZ Lo THET 5. LA U —HEDRIZ AR & [F UE RS TR 5 BELE (R s~ -
Z/ECRWEELE) TH Y, BELER A LIZGET DI T 7 A /S OB IREEI A EOEGELE O R
MWEAT D E NI FBER > TWDH[42]. LA U —HBEDLITEE S 7 S 2 £ U720 035, 1mm
DEWZEM SRR A L, ZZRBERBICIER T2 Z LIk > CTEMERE S 7 FEPHIRER
OFT oz HEobnsd. Wang 5 13[43], ¢-OTDR(Phase-sensitive Optical Time Domain
Reflectometry) & B-OTDR ##lAafbdi-tr v 7FHiaREL, LAV —@ELE 7TV LT v
BELE VB ONTIERERET D2 LT, ®EEOBHHESOTHORENTRETHDL Z L&
ARLTWD. FiESIE[44], B-OTDR & LA U—HEADET 7 A otk o 2/l a bt
TP VAT AL ST, OFTABIOREDORBFAEEZIT> TS, TOREL LT, H—
FRIRIREE & O T ORI ARRIE N FTRETH D LR L TV 5.

13 TN T 7 A BT LB EENA FRP OF OB =% 1 o 7T HIFIC W TR
RTCE, ZOLHE, X7 7A B VOEEIIHEAHY, HREEZDZ LIZL->TFRP
DRk 2 IeVEDTE=F ) T EATHI ZEWTE D, 201D, K7 74382028k
=X TR OMFIEENEANATOIN TS, £ T, EELLE T A BT EHW
=XV U THIRICERL, LCMESEICBIT D FRP DT A 7% A4 7 V=4 1 > 7 )3 A[HE
RERERER L AT MDA B L.
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1.4 WEEH

AWFIEO B, @R T LCM RIZICEB1T D FRP ONEME#RE 74 7V A I VE=H U
TTCEDLHRT AR YERAWTEZHEEE AT LD THS.
FEHOIX, HEBEEINTWDI T 7 A B OHFTYH, 7 VRN T 74 3%
Y E LAY —HELADE T 7 A A IR Lie, 7 URVERDE T 7 A S T
toYoEM - fliEa X N HIKL, BFERLIUTATHY, O U HIIIERICERE Tt
JEDWAVE ZET D Z ENARETHDH. Z LT, LA U —WEANT 7 A4 " ofit o idE
WZER M ERE R A L, B il Z RO RO FRP 8O =% U > 72 & H 23 vl HE
Thd. ZOZENL, EHELIXT VRARFADETZ AU & L Ag U —HELRDE T 7 A
NOMAECHICERL, ZhbDoer P EHWEZHEE AT AOELHE L. 2
DEEEZENRT D007 7a—F L LT, UTFIRT I EE{THoT-.
1) 3 WotEHMER D FRP OREALEERIE A fIEE7R, 7 LA AVKADE T 7 A N o %
PN @R BRI E > A 7 A DB

2) LA U—HEARLT 7 A At A2 W2 VaRTM IEORHIEEIR 7 v & X I2EB1T
H7ma—7ay MY AT AOB%S

3) ZULRAKRHFENT s ARl LA —BESDE T 7 A AN H e Y B A S DY
HZ LWL DBERERY L AT ADBRE
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E2E TJUVRARFBNT 7 A4 BT L B 3 RTERERIR
FRP OE{LERIE FIE D%

21 #WEE

UTHE, FRPIIEN AR EZ A5 2 &0, KA - MRS o —KRELHETH
HENWHZEND, MZEHEORKERCE, BEIHEORT DL 5 2 K CHEMERIR >,
HD FRP B ~DOHWANHEA TS, Z oot KEITEMER TR O FRP 8L\ T
REARLC L - T, BLEDORE—LCBIEREDIX L DENETH N EBRHM BTN A3
BIE OWE AR AL L, B{LEERR DT DO Kb B MREL, BIENERIC
LT 25 £ T, RERKMZFFZETCFRP M A2FOHICANTELEWNWHI ZETHS. Ll
G, ZAVTEHEIEY A 7 ADMET L, FOB@RFM M52 &6 a2 M NI 5.
oD, B E AN THLEZBE L, B 28 O e B R M 2 B HIRET S
ol WMEYA 7 mEOHICY, 3 X MEEOTEDICHLEETHS.

— 5T, KA - MR O FRPICIR &7, Hflilelkibt o X 5 R RICkE W T b #EEL 7 =
T ARHNERIE N L > TAE L DB ERILIE L 72 > TB VR THhiI T 5. Wisnom 5
I%[45], CFRP 7'V 7' L 72 K o THE B LT I AR A (AS4/8552) I A U 5 A7) 7 A /1T
LT, ZAZIIGEFOBUS N RE S EET L0, BYS N Tldle < B RIGHE & £ 725
WAL Z25HLW0WH ZEERLTWD. £/, Mezeix H1X[46], — kD CFRP & Kt D A
TV TNy alb—a BT, 7 a ARICE U D BIIEOREELIZ X D IKFE
OEATREIC N 5252 RHY, TN AT IV IRy JICHETH 2R LTV,
ZO XD, HHRIRTHEUS 1720 T < R RELIEIC L > THERBEEENEL D Z
ERHY, TNHOERIIIMEOHILT et A b FLG L TCEY, W{bEOE=2Y 7k
WK R LE DR IZ T TR, FOTrv A2 o 7 TA5 2L b EETHL 2
LERLTWS.

IV MEE RIS A7, b7 e RAEFOSRE=2 ) LA LidEliEa X
N OHK, BEOME - BEEORIEE W BN DIEEICHETH D, WLEEZZ DT
=H V7T HFEE LTE, BHRMIICHEESIT(DEA)T~13]1% < AL Tna A, 'Y
PR E W28 FRP IZHLOIATe & Z DMK 72> CLE 5. Tz, FEREfTOHRIEN
1TZ5EVH Z b, BERZHAWEZ FRP OLE=41 7 H4T7hb TV 5[23, 24, 25] .
L L7en o, EEHEHETIE FRP WO R e fE a2 F5MICEG 756 Z L IXNEETH 5.

INHOFIEL i LT, ML - RO T 7 A4 3 B FRP N~ DI DAL INE S
Thh, ZORELR/NRIZMADZENARETHLIZD, EHELITNHT 74 B HITLD
LEE=2Y 7 FEICER L. FRPOKE I rEAE=4 U JIZHWLNDE T 7 A
NV OfIEE, F1EIHTHENLEZIICZED LN, TOHRTHLEELITT LRIV
W7 7 A e o 2 O TR LIEARIZ IS 1 D FRP ORLE 255 HIEICER Lz, Kt
I HM AR FERE D, 7 7 A NS EYW T 577 Ty Y2 ETE 57 0iEM o
A MHARLS, ml - EFEE CHIEOMEILEARET HZ ENTE DL LW FEEF>. ZhE
TIZH, 7V T 7 A Xt EHAWT, {LEEZE=X ) 7T 5 HIEIZONT
DOHFFERITHOIN TN S[31, 32]. i 5 1X[47, 48], 7 LV RIVETN 7 7 A R o HIZEL 5%
FEESDEEEREL, BIEOBITRE YV TNV E A LAE=Z ) U VT HFEEZER LTINS,
I BT, BFMECORELREL, BIEORITELZ) TV LAE=FY 7T 5 FELTRE
AL TWD. Vacher H1%[49], 7 LRI T 7 A /S8 %2 FVC TR DRE{LE 2 2 D
GE=F V7L, ZOMEPBIBHELEOHEFIEE LTIERNOHEAINTB Y EEOS
HDSCIZLAMMERRL LT HZLERLTWD., LOLAERG, ZOFETITRIES
MELL LTV, 2 OB TIE, FRP WERORE{LE D Z OLGRIENR FRETH 5 Z VR E
ALTW DAY, i HEPIIRE £ 72 3R O X 9 B O A Th v EHAYZR 3 otk ~D
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BRI Thh T, 3 RaEk~0#EA+2EE L1-5E, 7 VRV 7 A4 kv
FIIMIEN S DRI ROEAZFIA L TWB 728, KRE AR AL S MO IA LA (LS O
ERGEZR TS ELREMERDH Y, ZONBERNNEREELIZE 2 HHEEZI O T 2 0EN
5.

ZI T, TUVRARERYET A N 2T, FERA 3 IRITThHOEMEIR O FRP
MOMLET =2 U v 7Nl gERIE Y AT L0 EHME Lz, BIEROT 7 u—F &
LT, £, 77 A NCRELTLEIZLZLOMITHEEZIEET 572012, HFHIih
FHREBMEOE, @EMET 7438 W) bOIZER L, BLERTE~O®AEZRARZ. &
JRHEYE 7 7 A NI EREN A TS EWITHEEMEEZHT 2067 74 3TH Y, #ifHE
KL SELHEELTE—R 7 40—V FEZEBD SEDHE, 77y RORBEIREREZMZD
FiEe, EWEFERDO N U FE2BINT 5 HEREHEAREINTBY, SRt 74 %A
WA ZETHITHENMETTD2ZEHHLMNZEINTWAIS0, 51, 52]. LMLARRL, REN
TW DT HEEREET R EE 7 7 4 NICE L 2 iFHEELORMR)IL, ITU-T G.652.D,
G.657.A1 35 KL U A2 BIMEIZHE U 7o fe/NEFAS h 88 (30[mm] ~7.5[mm]) il DR KAFHETH D,
UL T OIEF TN S OIS BRSO TIBIESD £ VIR THOIL TV W, Z 2 TARAFSE
TIE, 6~2mm FTOEFIT/NIWVETREEG 252 LIk > TA LR LY, EiER
KO @EEHYE T 7 A SO TR, RIS, 7 7 A NS4 U 2 RaTHnF 2 L E R E I 5
RDEBD AT = A NEW ST D720, 7 7 A AN FREO T B2 T AE 5 2,
BHIE ORLIERIE 21T 72, £, KB HIC X HELERNE DR Y PEE BT 57012,
Kamal model ZH\W\W/=o 2 a2 b—y g VR E DB AZITo7-. 2 LT, HliF &tk H AL
DIEACEE R E OFEFEIZ -2 DAL L NZT 5729, VaRTM BT L - THRUE S =B dhIk
D GFRP 'L — MNIHT 7 A NP2 MbiAd, HLERIEEZIT-7-. H&%IZ, VaRTM {ED
AL EREICARE o Z2EH LT, SLEOHEMRIC=T =N EL T LESGADOHIES
EEREL, H{LEHROMELZIT 2.

22 TZVUVRNVRHEBRNGT 7 A P X DEBALERIEFIE

RV, BT7 7 AN PIREICTELD 7 VRAKKHEZRHALTEY, 7 VRV
ORES % Fig.2.2.1 (27 . MEHEEE, NE2DIRT LI, FHAEOEEAFOXT
KT Z kKD,

ot 1=l =
Ii Ii (neff +n)2

(2.2.1)

Z 2 C, RIS COREER, LTS o OREE, LT ~O AR, NEHE I D
&, Ib!iﬁ:qj%}:%ﬁ)g@}i%%i()\%@%, neffﬁiﬁll’:77/l'/\@7ﬁ§j])t:ﬂ%$, nIAT 47D
HEITEERL TS,

AWETFIECBNC, EMREITRESL7-20120%, R HL,EB L OAF &L Z IE/#EICHD
WENRHDL. LLRRG, LEEMIZHET L2 Z EIIRETH Y, FmE o ORI
HA~DO AR EL G ERICHBEMER W20, RODZENRRETHD. TDD, Ef
REITREGHTZOIIE, ZORYELBIOANEELEZRETAIVLERNDD. 22T, 56
NUDEITENEINTH D AT 4 TIZBT AN EELSBA L LCHET H. AW TIEISR
AT 4T & L TR (g 1.00)2 HNWT, HIESNTZELRNLORB e EE, b5 L, tE
EIEITROBURITILL FOX(222) TET LN TE S,
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2
Laur Iy _ ey =1). (222)
ki (nerr +1)

FoT, XR2)BLVR22YICL>TLEHET L ZENHRD. Ll 6, ZELTH
PrRME 21T O L 2T ET D200 TR, LB \ 5 2 DB LS MERS S, £ 2T,
HE SN HEOBILANCEH T2 L, RUERET, (|RiE, T,:27.0C) TOZRF VEIEOHE
PEnZH O UORGE L TEL 2 & T, WELEDOEIT,E S BIIEOREITHREANIILL T D
K(223)THET LN TES.

I = Al + Iy whenn = An + ng (2.2.3)

ZIT, LI EEORETHY, ZNH5OXREANDLZ EICE T, EITRE(LAnE R
H(2.24)B LTR25)ICE > TAIOBHE LTHETZ LAHES.

An — 775(1 + 775) + Uaier * (1 + ns)\/ 7752 + 7')airzv (2 2 4)
neff + ng 1- (7752 + nairzv)
neff -1 neff — Ny Al Al
.= R — , = R = B —t O 2.
Nair V Rair Nesy +1 Ns \/—s Nefy + v Iair — Ib Iair (2 2 5)

T, ndEEMER, vIZIEALERES LA R LTS, BRTOEBVICER TS L, &
AT 4 7 ThDHZERADNS D', DIEIXL, LD o RKREWED, 1352 D88 EEY
< Z kS,

Optical fiber

Incident light I; Reflection light I,

Air voids Fresnel reflection

\O
AN

Transmitted light Scattered light

Fig.2.2.1 Fresnel’s reflection at the end flat of the optical fiber sensor in resin.

AHE FIEICBT 2 E TR (2.2.4)8 L Q252X » TE LN S JEITRZE(Lih#R 2 v
HZ LWL TEEEIND. BEO{LIBRE CIEREZER H 256, BREICLIEE I 7
A NOFDEST g EBIREO RN Fn, D EB I b RND. LavL, BIEOEMTFICL~S
EHT 7 A NRDIEITRA~DIREDEEI NSO HET L2 LN TES. LER-T,
K(2.24)BLOQR25)065LND, HHEEMICEIT 2 JEITRELAnIHIE O JE TR OIE K
DR Z G WD X HIZEZ LD, BITHEOIREREIEI I LR & HITIZITHRE O
REinn., LnLens, Wbk OEEREEICBON L, HAEESRIEET)Z5EICLT
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KRR D70, WAL OB DORERFEIIZ A Y =T HRE2 AN TWD. 200, JF
TREN A LEa L IRETORMEE LTan(a, T) 55 &, WSO BTRE( O EERAFMEIE
UTDOR(2.26)BLVNQR2TNTHET I LNTES.
A or—dno T—T (2.2.6)
nx.)—ai)X(—s) £
AnALT)=g;U)xCT—E)+AnALE) (2.2.7)
Z 2T, dn/dT ()| ZE L all 31T DRI R OIREKRFE L R L, a = 1ORHIELIEK, a =0
DRI ARSI O E R AFIE AR LTV 5. B aZ RO k) & 582 iy o ih
ASOIERIRBER RT A =2 L LTERT D L, EEOHIEB L NREICBWTHIE SR
5P HRE bAn(a, TIZLL FOK(Q2.28) TERIND.

Mn(a,T) = Ang(0,T)(1 — @) + An,(1, T (2.2.8)

koT, K226)L227)%2HK(228)ITRALT, WLEalZOWTHLS Z 212k - TH(2.29)
PEOHND.

an(a, 1) - ()T - 1)

any (LT + {1 RO} (-1

a= (2.2.9)

KQR2NT LT, WLEEZED Z LITFRETH DM, Ang(1, To) D IEYEREITKTFE L TV D7z
W, BEOFALERNEZ B 2 25813 2 OBEIIENICS W E W ISR H 5. 20720,
HTAZSHREET B T ba =08 L Pa = 10EITFELIETH D, Mn,.(1,T)EERLTHW
5 Z L CEBOMACERE TCHHENLT N DI E L. An.(1,T)iT,

An,.(1,T,) = An(1,T,) — An(0,T;,)

d d 2.2.10
= Ans(l' Ts) + {d_; (1D - d_; O}T —Ts) ( )
ThodHlew,

ana,T) - S 0)(T - 1)

an, (1) + (S ) - S @} (7 - 1)

a= (2.2.11)

MKV NLD. 22 C, M{EEOFHRIZMEH & DHdn/dT(0), dn/dT(D)B XLV, An.(1,T.)D 3
DDONZA—=ZIFBIBICEAEOLDOTHY, FEENT 7 A NZHOTHESG L TWD. Fig.2.2.2
CARBFZE TR LT =R & U RHIR 2 INEVEE (L X B /- BR O JE ST R B b oK B L Y, w1k
EDFBNCME R RT A= OERZ R, £, AFRICBWT, R X OVl ol
7 7 A NRNOHLEFRICKNE R KO /NT A —2 1%, EHENT 7 A STRGS @0 b o
L TWA. Table.l ICHEHEN 7 7 A /T & » THUS S 4172, ARALDITE™ LY5052 o4t
DOFALEFHHE T A —HX ZRT.
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Ang  dn
e <)
] / dn
7Y An, T (O(T =T,)
A
Ang(1,Ts) - / a=1

Y / T\

LS

dno 0 - > T
dT() >

T‘r" a=20

Fig.2.2.2 Schematic view of typical refractive index variations of heat curing resin and various
parameters for degree-of-cure (DOC).

Table.2.2.1 Calculation parameters of DOC of ARALDITE™ LY5052 - ARADUR™ 5052CH.

dn/dT(0) -3.85x10™
dn/dT(1)(T < T,) -1.56 x 10™
dn/dT(1)(T = T,) -2.87 x 10"
An,.(1,T,) 4.92 x 10°

T, 101°

ng 1.51

2.3 REr#ETIC & 5B R

2.3.1 FEBRGIE

AR, BEHAE LT RIOICERA SN TWAEEL Y 7 A N E & i, ITHERB SN
7ok U OO E R 7 7 1 23 (e-Bend® Y7 7 A 2, BEFIEMR 7 — TV AT
IS ZHEH LT D RIS TIE, 27 7 A 3t oIS Ic L - TE L2 K% RO
EICE>THIE LT, Fig.23.1.1 (7 7 A Nt HCRT#HITF 2 52 C, XHEELZHET S
T2 DNFRE FDIZERS AT OB %7~

F7, HFERIZOVWTHTS. AW TIXYEPR E LC SLD (Super Luminescent Diode) i
(THORLABS PM Benchtop S5FC1018P, 1.0y 1310nm, fi K H /) 30mW,  #71EiE 45nm) 2z fif
L7, =kae LTiE, /%Y — A — % (THORLABS Optical Power and Energy Meter,
Dual-Channel Benchtop Console, PM320E)Z i/l L T\ 4. SLD Jtilin o B Sk, 77
ANWNEERHEL T, MFHEESCERS T DD AVF—2RNRN D, 77 A4 /Dl
HICEET D, 77 A NOEHITIE, EARR[E N T ADERCTHEITEOR—FHIck-T 7L
VR ERZ L, KERITHOHEESZEBRL T, —Fa L —FZ2 N L THENT—A—XF
B0 5. 7ed, AR TIZSLD BFRAZFRA LTV, ZORFEIIMD TERWENZEEEZ A
LTWS Tz, SHIROKFREE =2 Y & 73T > TR,
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Optical fiber ~ Circulator

(e
Light source (SLD)

Return light 1,
/: I‘r’ + Ib

1

Photodetector

Optical fiber

Bending radius

‘R2  -R3
‘R4 -R5
‘R6

Fig.2.3.1.1 Schematic view of the optical system and a bending jig for measuring
optical loss by bending.

WIZ, HBEREHEZ T FECOWTHAT L. KEDEEBRLIZ, HKE 5 2 21000
RETOELANOL DK EEP, HEAEZHEZTZIRETOZEINLONFNXEEZP,E LT, T
DOR(23.1.1)TEFE L.

Py
L=~1010g107 (2.3.1.1)
2

W7 7 A NI Z DA ITHERE, EEOMIFERBLOEETESCEY 74 3
PR BB E T M) %, £52,3,4,5 6 mm OIRIBEICN 7 7 A RNe&kEffiFs 2 L
WZ&oThH X7, £70, AMFETITERIMEHT2RNZEEL TWDHD, B EERD
W7 7 A NEEELAMIE, BIREAAWTIREE CTEBREZIT > TV D, Lo T, EEOIT
BIIRIRIE RO R L3R > TR Y, X7 7 A NOEBEOHIT P ERRIEE O RO %
AR LA A Fig.23.12 1R, 22T, K7 7 A ANOPIOIFEELZR, & L, R
DOYRIFRELTERTD. 77 A NOERZIEES L ONEBEH LY 74 & B
125[um]), K7 7 A NOPIRIE X % ¢;(FEHES 7 7 A NTtg = 32.5[um], @Y7 7 A N
th = 425[um))E T 5 &, KT 7 A RSO AR ITKQ.312)TRTZENTE .

d
Rog =R+t +3 (2.3.1.2)

BZIZ, KR HERKORIETFEZOWTHIAT S, 7 7 A4 "B BRIRIGEIZ L TR
RHEINCT =T TEEL, FTEOAELRD X HITIET 74 /3% 45°) 1 360° % T 45°4F D f
ECIRBICREMITTZ. 2, MEZEEONEIZAERIZ 3 BT To72. AEIE 5 2 -k
OHITEIUL, LTFOX(23.13)THLALS.
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1 =26R,s (2.3.1.3)
koT, BMNESYZY oiFHEEIL/ddILL TORR3.14)E LTERTH I ENTES.

dL L L
dx 1 26R,

(2.3.1.4)

Z LT, AWIETIEZ OMEZ i X2 RR L ERT 5.

te = 32.5 [um]
ty = 42.5 [um]

Coat
d

Optical
fiber

Fig.2.3.1.2 Schematic view of an optical fiber sensor with jacket wound on a bending jig.

2.3.2 SRR ORIER BB LB

Fig.2.3.2.1 IZEEWEN. 7 7 A NOYARK LB EMHIT R S OBFRZ, Fig.23.22 &l 7 7 A
NROFEREZZNTIRT. ZUHDORNG, BEKITEE T E SICHRHIT5 = &75>/\73>o7‘:.
T2, IFERINNES L D EHAHBROARNKEL 252005, —J, HIFEKE
HF R OBBRIZOWTHX D 77 7 TR LI L X, BIBORBKRIZRD Z ENZNETOH
FETHOLMNZESNTWAHIB2]. £D7-d, ABFE TG & LICIEFIT/N S W ENT HERIZIB N T
HZOBBRNRKRY SO Z EEPALMNIT 520, EHERS X OEREDE Y 7 4 O HEERIC
wf,ﬁﬁmﬁﬁ¥ﬁ@ﬁﬁﬁmww,m%m%%%$@ﬁﬁ@mmum%&offﬁ7m
#T L, Fig323 OLHiZkd. ZoORKY, HEESIOEREMOELLONXT 74 3
PIZONWTS, logdL/dx &log Rypl3MIEEIR & 72> TRV, FEFIT/NS W EETH S
RO & T BRORMEAEITRIE OBRE R T 2 LN ahoTe. T72bb,

dL
loga: a-{-mlogRof (2321)
LS ZEThY, BHRRITEEOMBE LTUTFORTET Z L%,
i ARof_m (2.3.2.2)
ENTRORXT 7 A RNBUHIZEH L TRTI A= E2RDD L, Table.2.3.2. L IR SNDHEETFD

ZENHSERZ, Lo T, K(2322FHWDHZ EIZL ST, X7 7 A 3% 3 IRITIEIR FRP (ZHE
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WIANTIZGE DONHBRERL L O ORELRZ TRT 5 Z LR L R o7z,

25 T T 1
xR2
—- ®R3
m - — _
3 20 y=290x _pa
0 ~ mR5
815 | y=1.09x ", Ré -
F y=546x10"1x
@
E 10 F y:405><10_2x i
£ y=117X 10" x \
> 5 1
a
0

0 20 40 60 80
Winding length [mm]

Fig.2.3.2.1 Relationship between optical bending loss of standard optical fiber sensor and winding

length.
25 > T T T
X — -1
= ®R3 x y=804X10""x
5 20  +R4 1
) mR5
S 45 | ARG .
2 y=6.04Xx10""%x
] _ -3
§ 10 | y=260xX10""x i
£ y =137x10"2x
S 5
L — -2
o y=3.09%x10"“x
0
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Winding length [mm]
Fig.2.3.2.2 Relationship between optical bending loss of high-flexibility optical fiber sensor and
winding length.
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Fig.2.3.2.3 Logarithmic graph of relationship between the bending radius R,; and the slope of the
loss.
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Fig.2.3.2.4 [5HE S L OVEIEHDE 7 7 A NOHH TR (R, )1 T2 mm 272 0 Ok R %,
FEBR LV ROT-EFRR(2.3.22) & HITRT. ORI D, SRS R & IR O BIR
ZdHY, FHNT 7 A o OSRRERITEIEIET 7 A XY LD IT DN RENT E
DI oT=. BRIV 7 7 A N o T EEN 3mm 225 2mm 1278 5 & EiE R R
6.18x10°[dB/mm]7%> & 8.04x107 ' [dB/mm]~ & ZABKIHIM L TV 5. —F, BT 7 A St 3
TIZ S D 6mm DR S TR LERIL 4.05x107 [dB/mm]TH Y, ZhidEmde > 7 A
T UV TR 3mm O S IFIERSE TH D, FERS sSmm LTI D b, Rk
RPN T D Z ERHL N E o7z,

ZOWERENS, BRI T 7 A4 S HITEENR T 7 A NP EHARTHRERENT
S L/INENTET TR, K0/l ER TR RO SR A MG 75 2 & b k5.
H L, WERICHITERENZEMLTLE oSG A, MEROBMAREHNHE &I EL L
ZHZEITHATHS. LoT, BN T 7 A 3T 6mm LLE, ST 7 A 3Tl 4mm LA
FOHFERTHIVUINEREOZIN NS, BELEMEEZHFF T B 0hoTe

Table.2.3.2.1 Parameter of optical bending loss properties of standard and high-flexibility optical fiber

sensor.
Standard optical fiber sensor High-flexibility optical fiber sensor
A 1.31 x 10 1.21 x 10°
-m 4.29 6.63

A Standard optical fiber
Highly-flexible oprical fiber

5 I'. T T T T
: dL
= A —— —=131x%x 102R,, *?°
E 4 / dx of i
o
S 3
) i dL 1
an 2p —663

5 . 1.21X 10%R,;
e 2 i
et .
s .
o 1 A 1
g A
I , o te e ooy

1 2 3 4 5 6 7
Bending radius Rof [mm]
Fig.2.3.2.4 Relationship between the bending radius R, and the slope of the loss.

24 RFFEFIC L2 BENFECERECICEG 2 HE

241 EBRHIE

AKWFZETIZ FRP OREMIIE L LT, =R¥ I MI5(34) ARALDITE™ LY5052, fifi{k#
ARADUR™ 5052CH, Huntsman Advanced Materials Europe BVBA, 4k 100:38) Zfdi ] L T
5. 2T, £, Fig2411 TR TV ) arlo/NSWEIZZ R UBIEEZ T LiAdA, L7
7 A N EEVEX BB IR O IAL, MR OB EEIE 21T 5 Z & THARR DAL O I E R
WZHERDEEEZRAONI L., ) aBMoBREZDOLIIZLTVWDLDIE, BRBROR %
Ao Z & TRRNEEND OO ZELZIR L, MOES%E 2mm EE T2 LiIck g
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(BSOS X2 @BBE ST 5729 Th 5. w{LEREICHW 7 VRV T 7 4 3k
I K DA E L E L, 5 2 B 3T CORBEARRHEOREIHEHA LI b O LRI L Th o7z,
TR MBI, IR 25°CH 5 140°CE T4 1 BRI THRIE L, T D% 140°C% 1 BHEREF 2
ZEICk o THLERET. T 7 A B PITIE 20, 50, 80, 99% DIHENAEL D L HITH
arhiF 4 Fig.2.3.1.1 LEERIC L Th %, BB I OERIEET 74 S22 niconT
AL R A R D72, ks, EBRTENT 7 A v U H 2 2K & i R O 4
DA% Table.2.4.1.1 [Z/RT. £, BT 7 A3 2 K DL R ER T2 4 M % 5F
i %712 Kamal model ZHW/-o I 2l —a URERE L. LLFICHVW- Kamal
model DEFNREZ T, Fo, FDO/NT A—XF % Table.2.4.1.2 |2~

dapsc

dt

= (K1 + Kyapsc) (1 — apse)™ (24.1.1)

E E
K, = A, exp (—— K, = A,exp(— é) (2.4.1.2)

1
R»'
Z 2T, RIIKMAEE[IImol - K], E,El&i&MHE b= /L% —[I/mol], m,niISISREL, Ay, AT
¥, TIRREK], apsclIf{bEEZR LTS, F7z, AFFETHEAL TV D mRE VEHEIC
BOWTIIE =7 BN =2 LHENRN. ZD7, KIT0IIZRY 72 <, W H (LR iR o
SEH ER Y OIRDBODPERM R L L BT D107 ZEHH LHNTWS.

Filled with resin  Optical fiber

17 N
20
S —
e AN e -
© \/ \\ i
H o
115 ©
: W
< ; >
50 l Thermocouple
: v
[ : r : T o
Scale: [mm]

Fig.2.4.1.1 Silicon mold for cure monitoring of epoxy resin.

Table.2.4.1.1 Bending loss condition of standard and high-flexibility optical fiber sensor.

Bending loss % Bending radiuses mm Bending angles °
Standard optical fiber sensor
20 5 90°
50 5 360°
80 5 720°
99 5 1620°
High-flexibility optical fiber sensor
20 4 450°
50 4 1260°
80 4 3060°
99 4 23760°
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Table.2.4.1.2 Bending loss condition of standard and high-flexibility optical fiber sensor.

m 0.349
n 1.76
E, 5.08 x 10*
A, 7.33 x 10*
K 10°
R 8.32

242 EEFERB OB

Fig.2.4.2.1 \ZIEHEN. 7 7 A4 N U & AW CHIE S iz =R S VR O m b L E RS B2 o
Ralb—vaUREEBITRT. EENRT 7 A N THE SN LR AT, mELBRAAE
TR TR L R N E A, & D REREI D & 2RI L EOG 3, PAREREC DS i L FE 1
ET 5, AR UBIEONMBWELEROIEDTENEZRLTND. IbiZ, KEeHic
Lo THIEENZBEERIZS I 21— a ViR b L —HBLTWE, 207D, A
EV AT DMK DAV RER RIIZ YL TH D EFMETE 5. £/, Fig24.21 XV, EAE
77 AN EBEAEIAT, BARICEDLT, AWNFZIEELWI ENgND. £, fE
T 7 A NICHEERE G 2D 2 LI L DREIRELE~DEEIL, HRKTH 3%RETH
D, ZOZEND, HBRRITEROIEREN 7 7 A N X D20 EOREREIIZITREL
ZIRNZ E DRIz,

1.2 T T
1
g
508
Q@
s
& 06 —— 0%(0[dB])
o — 20%(1[dB])
E‘ 04 | —— 50%(3[dB])
—— 80%(7[dB])
02 99%(20[dB])
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0 : : '
0 2000 4000 6000

Time [s]

Fig.2.4.2.1 DOC curves for epoxy resin measured by standard optical fiber sensors with bending loss
with simulation curve (Bending radius: 5 mm).

Wz, @R T 7 A RN oI L AL EORIER EE2 Y I 2 —a ViR E L BIC
Fig.2.422 [TxT. Kb, @EMET7 7 A4 STHE S B E#R L > =2 L— 3 U
RIS —HLTEBY, ZHL0DHIE/BELZYTHD EFMTE 5. F7z, &EME7 74
ANIZBNTH 99% DK% 5 2 TRIE S - R 2 BRiHiE, B0 3L i
NHWZIZIEE UL, KK LEICIEAN G 2 - BIIRKTH 2%RBRETH L0, )
HEEPNHERE I IIRIEH L 52 CORWZ E RSN, —J7, 99% DR LB iRz o
HIRR & g L C, REREMNEUHEE, @REME7 7 A OB XN EBROBRIZIB W
TRATZTDIZAETZLD B2 N5, iTFEKODWEREE 7 7 A 312 99% DK%
B2 570, (AL T 7 A4 NEBEICEEMITITEBY, TORETESEANICE > TR IED
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TN DD, 77 A NDETLNZE > TRAPELTE LD EEZEZLND.
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Fig.2.4.2.2 DOC curves for epoxy resin measured by high-flexibility optical fiber sensors with
bending loss with simulation curve (Bending radius: 4 mm).

Fig.2.4.2.1 3 L UVFig.2.4.2.2 )b, E#ES T OVEJRBIOE 7 7 A SO LE RN L < —FH LT
WD INZND., O D, BIEFIEOMIEORR D &R T 7 A % AV LE A
BT 256 TH, LT 7 A NIZE S THRGE LIZNRN T A—ZERND Z LR TE D L0
Sz, ZhuE, —E, BIEOELERHA T A —Z ZRSETIUE, KT 7 A SOMER A
HTFADT VRV T 7 4 N THIUL, T A—FEFRGTHHENRL, H@EoN
FA—HZLELTHWAHAZ ERTEDHZLERLTND

243 JCHERBENHACE ORI E G 2 e o B

HARDARACE R E S AT JMCEEE H 27002 8, T2 5 2 2R comLERE
WCE o TEBRMICHO NS N, ZOEHBIE, F2E2HIZBWORLE, W{LEDOHEIC
AW N2 JEITREIZET 2 R(Q224)B L VQR2B)IZEBTHI ETHHAT LI ENTEXD.
K(2.2.4)B L V225715, @%4%%@%% k%fﬁﬁmtiv~Mﬂm@ﬁﬂt£@%m
BEZTDHZENGND. SHRENEE LS AvIIvps & 720 XQRA3DITRT I IS,

_ Lmal 2.43.1
Vioss = L(O)Iair ( eI )

ZZC, HARLIIFMtOBEETH Y, RIERGEEO IR I3 D HE R EDOELAN S
LHERLOIE, BALEORIE ISR RIS E EAVIRERIICHIE SN TnD. —F, 22500
5 DOE KR 1T T 7 A D' VR & 72 D et m AR I ik 2 RS @%f&bf FE
PTERS L TN D720, BT 2 IIIL0) 72D, L~ T, LEDRIET 8 L T
HREOZEEPAE L TORWIEALOIFLO0)EHELL RV v = vy & 725720, B0 EITET
PRI EL 52T, WLEORER-RICOREL RITI W ERHERTES. Ll
Do, ZOZ X, HREOZ(EPEAEREFRITE Z > T LESTEHEITE, MEMEITK
EREELRITTILERLTWS., 2O, 7 7 A4 NEZEE2CETE L TW/RVIRETO
LR E T, SERADMERBRIEEL KT T I R THREIND.

_25-



2.5 VaRTM IZ & A& ik GFRP DO L EHIE

25.1 SEBRHIE

ARFEBRTILFig25.11 IRENDERIBELVORED a—F—%2F LIRO EICFERY TT A7
% (KS2750, H HGR5(HK), B fHiE 100[g/m?], & 40[mm], & & 190[mm]) % 10 #chifE L 7=
ZLT, BZERy 7 ZTW, VaRTMEZHAWT, FE2ZAH THW=ZH O LR LR S i
EHEAN - iR EE, BETHLIEL., Z0LE, K77 A NBUFEEENET T A7 1A
S5HH L 6 KB ORI DIAA, 2% 48 &R U TR E2HOCTHE{LERE Z1T> T\ 5.

VaRTM(Vacuum assisted RTM)E(%, 1RFE A7 O0A KIFIETH 5 RTM RIERIRA L7 HIET
HY, Fig251.1 I b REND XV ITHIER(A O R0 B b 2 fgE L, 77 2 F

V7 T 4NV AIR ETEALREZES| & & LIk, IRBIIEZ A - 812 L Tk S H 5 FRP Ok
BiEThsn. Btk LTE, KU - BHERORGZ —KlETE 52 &0, KEND 72E W
NARETHY, REEREEANLBA/NSNEWS ZEnE TS, —FHT, REEZE—
Té:&ﬁ%bw:&%,Eﬁ@%k%ﬁﬁ*%?&wkbﬁkﬁ®ﬁﬁ*%ﬁ%E:L%f
WZ e ERRERE L TETLND.

Resinimpregnation R=4 vacuum sheet

N
Aluminum plate 10 glass cloths
Optical fiber Scale: [mm]

Fig.2.5.1.1 Experimental set-up for cure monitoring on curved GFRP plate during VaRTM.

2.5.2 EBREER

Fig.2.5.2.1 (IR LSRG 7 7 A St oS Lo THIE S - L E & R o % %
AT KKV, AT 7 A NI K o THIE SN IX 2.4, — 5T, @it~ 7
ANT 10 ERoTEY, BENXT 7 A NTIIRERBEEDEL WD ENghaTo. T

1%, BZEG|EZOWMRETH T 7 A4 NOMITERBPEL, ZTIUEORBELENEL LT
&é&%z%hé.ﬁﬁt774ﬂiébfw LERIRDBRENTD, HHERIREOZEIHKEL
ME%fﬁk%<ﬁTLt&%i%ﬂé Flz, AL TWDHHEEN/ NS WEEMYE T 7 A48T
DB REOZEI/NS S, ZOREE, WERE~DEZBEL/NEhoTcbBEZLND.
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Fig.2.5.2.1 Relationship between DOC and time measured by standard and high-flexibility optical
fiber sensors embedded in curved GFRP plate.

25.3 VaRTM 28T Bt LEOHR

VaRTM {ED BRI BT DB REOLEM.EZRET D720, 7 7 A4 O JEmEIC
BIEDMTE L2 L D I DAL, IS RGO RENLZET 5 E TOZERN L ORI
BAME L. Fig.25.3.1 [TEEL L OEEIE T 7 A4 3t o CRIE S HlESCEOZE L
T, Koh, BIEERZBRGET D EMET 7 A4 38 b, FIXFE CE\ TR RO
ToTWD I ENHERIND. BIIEERZ MG LR TR EEREINL, X7 74 3k
Y OMIHICBIE N ELE LB L EEORN, TRb LK BFENTWS., T AR
ANTHIE N ER LT T BB EN B RKESEBL L TN D T, 77 A SORF )X
T5. 2D, WDIAENTINT 7 A4 NFBIEEGRBERICBNTEHECT < o TS L&
2B, TORE, HIPERERET LT 7 A DBBE L CHRN NS0, HE
N LIZEEZLND.

——highly-flexible optical fiber

E_ stanadrd optical fiber o
23310 [ highly-flexible 1008
% 330.0 € — N 90 g
3200 |- - > 5
23280 Li standard {80 ¢
- . \ g
23270 | {7083
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S3220 : ) 30 T
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Fig.2.5.3.1 Measuring optical power change during resin impregnation process on VaRTM method
measured by the standard and high-flexibility optical fiber sensor.
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77 ANTIL 40 pW 5 9.0 yWeE 2 L EONEDOENEZ > TS, LILAERD, &
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ANZELTNDZHZHLOERNIEFIT/NI L, TS THREREOEL /NSRS
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HROBAD G2 HBIRNT LA LR Y, BERJEILELZNET S Z ENHKD. 20
72, 3 WILIBIROBICANE T 7 A4 NEHDIAATHIEEIT 2 HAE, BEANEEIZVE
JEEIYE T 7 A NOM B LOHEEN/NES S RO EOIARRK EZRET S Z LN fER SN S.

26 HBROBIZL > THERBEENMET L7ZBAOMIERE

2.6.1 FHIEHIE

B2 ESHOKEND, KV AT L% VaRTM IEOTEALERIEIC#EA L2854, Wi
FEDOREREEN AN LZERNBERICEL > TR TN T Z MR INT. L Lehnb, ZOARK
ERNARRITH 2R LRI L ET D Z ERHL MM ENTZ. LR > T, L
BT —DNAECLTHATUMET 22 /R EEZOND.

F2EAMTRLIZE DI, HLEOREFTIOBRRLEOELNE Z > 7256, BITRE(l
OFEXOH T, WENLEOFELZ T LI EN (2431070 5. EXNO OREHEE
Ly W EBEALEE ORI ERTNIZAIHME & LT 1LELTESGE SN 720, 07 7 4 /38 YOS T
MENTHL B HBEREOELBFENTLE D &, WEMEE EEOMOAR—KIZ L - TH{LE
WCREZEMNAE LT TCLE S, Fig26.1.112, VaRTM IEOBIIEE IR TRIZEBWT, X7 7AW
IZE > THE SN D HEOZALOEAK 2/~ T.

When the resin didn’t attached
at the end flat of optical fiber sensor

1, Start
A impregnation
Iﬂi‘l‘mOd ______

-
1 ! Alﬂi‘."
I —
I d?‘ﬁ | :
air

|
]
| Time
]
! : :
Real DOC measurement
1 1
I‘m : | 1
4 A : :
Tro - — R
Im"." P - I
| -—_._———
A &
. Al
Imd'.' {77 2 W | ; r W

! L--» im
Flow arrived  Become stable Time

Fig.2.6.1.1 Schematic diagram of an optical power changing during the resin impregnation process in
the VaRTM method.

Ly TPIIT 7 A ST 2 OSEIRICHIIR A A L TR RS T T B EATOZER Db DK
HIRTH Y, [, TPEET 7 A 2 OSSR A LB ICBlE SN D TR s
BEN D DRI EEZ R LTV, F77, Ay &AL T FNEN, 1,977 L O, %70P % Jiuk

_28-



ELTENEDEEEZRLTND.

9235 HIoRY, FEHHEER Fig.253.1 b HLMMNIENZL I, GRENEENSEY
7 ANV OEHIZERELIE S, KEEOEITH DKM E THRVW TS, 22T, 5
BRI AR, SCHRAEOZEMNELS RO RENLZEL TND I ENnD, ZTORTOELNLD
RSB, 2 AT R OFHEICH T UE, ELWELEZRD S Z ERHES. LL,
WERIR N BRAR N2 L DT A L7121, 255006 OB Y Bl  EEET 5 2 L 1%
HISRZ2WN., Z D720, HHIBEOBAINLTE LT TDL,, A BIE DRI R 51, Mm% LT
HETHMEND D, F2F 28T, XQ21)BIOKR22)EMANEZ LT, HIEEELE
JEITROBMRZ LU ORX(2.6.1.1) TET Z L3 HKS.

bn =1y _ (negs — no)’ (negr +1)° _
lair =Ip (nggz +1)" (negy —1)°

(2.6.1.1)

I, MR &R D OB L ORY Jel,lE, BESET 7 A Sk ok Y
WCRIET DRI CIRIERI L TH D ERET D &, Al BEL AL, 13X (2.6.1.1) % H\5 Z & T,
UTFoORER6.12ELTHRTZILENTES.

(2.6.1.2)

Lo T, Ly ™ HILL FIORTRE6.13)ZHNT, K77 A N rHFIc k> THRIESATY
LIRS ORFHEEL, L VRO BN 5.

[0 =1, 9P 4+ AL (2.6.1.3)

ZOHERB.1T L > THON DI, ™ %, HALEOFRICHEAT 5 2 & THLEMRO =T —
ZWIETAHZ L0 HkD LEZ NS, 2T, F2ES5HO Fig.252.1 ISR TV AHEESE
K77 A NI L THIEESNTZREL =T =524 LT B LEBRO I EZIT o 72,

2.6.2 fHIERSF

HHEKEDOEENE X TS VaRTM IR ICEBIT DBIIEE R T & Z O OFEREN. 7 7 A 3
UL Lo THIE SN EICIER L7z, Fig.2.6.2.1 (27 7 A /3% U O S5 IS G A3
HLTHEAEME T LIZEEZLD, BIROER T a2 ANE T LT, REREOE(NLZE
T 5 F TORENEERFMOBEFREZRT. TN, REBRIZISVTIL 6500 i CHREKLE
DEAENEE L TWND ZENSND. LTe o> T, AL A EDOE(LNZE LT 4.(6500 )
TORESE 0.602 WWH D, 7 7 A Sk YV OSEmICHIIE N4 Lo ERICHIE S E
[, 4P 0.396 WWA31< Z & T, 0.206 yWEEHND. L2 > T, Al t3i(2.6.1.2) L Y 18.4
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Fig.3.1.1 Mechanism of the optical bending loss change during the resin impregnation process at
VaRTM.
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Fig.3.2.1 Schematic view of the relationship between the actual bending radius of optical fiber
sensors R,y and the corner radius of the mold R.
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Fig.3.3.1.1 Mold and bending optical fiber sensor drawing by Rhinoceros of 3D CAD soft.

ZLT, ZOHT 7 AT A 4R LT fifR 2387 401E Grasshopper 12Xk - TIER L7 71
TIRZEST, BEIIZZEDR T 7 A4 N HIZECTWAEERBERPFHEINDI EN I b
DTH%. Grasshopper TIERL L= 7 7 A N HIAE L T AT HEkLEZ R 5 7 0
7T LOT A Y RN, F 3 2HITRE LIoBRA TR ESW TR Y, X(3.3.1.1)THE
Ihd. £, ThaefARE L TELELD% Fig.3.3.1.2 [Z/R7T.

2

ZZT, UFEFED ID Fir, pldEHE T L OMFEE, AUTEROXFESAZRL TS, £
T, BIRENTAT 7 AN AR LB EUNER IS 5. £ LT, ZOEFET L
ICHIRAZ B L, SRR Z AW TEE T LICAE LTV ALK ERD D, LT, &KH
IZENDLERIT D LI Lo TEaAEREZFAE L TWD. Figld.3.13 (2fl& LT, FEEEIIH
BT 7Aoo P25 L, AULMMITHEAZ S I 2 L—v 3V LTERRZRT.

_35_



Optical fiber sensor

i
i=1

Fig.3.3.1.2 Schematic view of a conception of calculation optical bending loss with formula.
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Fig.3.3.1.3 An example of simulation result of optical bending loss.
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Fig.3.3.2.1 Bending state of optical fiber sensors on the curved mold.
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Fig.3.3.3.1 Simulation result of total bending loss of standard optical fiber sensors with the measured
loss and the prediction optical loss curve.
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Fig.3.3.3.2 Simulation result of total bending loss of high-flexibility optical fiber sensors with the
measured loss and the prediction optical loss curve.
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Fig.3.4.1.1 Experimental set-up for DOC monitoring of curved GFRP plate made by VaRTM.
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Fig.3.4.2.1 Relationship between DOC and time measured by standard optical fiber sensors that has a
0° or 60° approach angle to the corner.
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Fig.3.5.1.1 Schematic view of experimental set-up by VaRTM method for measuring optical bending
loss change rate.
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Fig.3.5.2.1 Relationship between the change rate of optical power during resin impregnation process
and the initial optical bending loss.
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Fig.3.5.2.2 Window of an example simulation result with prediction optical bending loss and guide of
measurement accuracy of DOC.
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W1 EFHRCTHLRRTEXELH1C, FRROZO BV AE=X Y L IIBLIO~NLAT=X Y 7
Fiix, FRP &G oIEa X FZHIR L, WEB I MEEMZM LS5 Z LICHERFIZTANT
HHEEZLNTWS., FHETIE, LCM FIE~DRELOEE VI, BHIEEE T ek 2 To
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HEUBRE, RIERENELZB NN D0, BIEO7a—7nr hoT=41 v IS
SWRENTWVD. kML, 7a—7rry hOZDOHE=X Y 721, 7a—7 v ke
EHITHHIE OWALHERE, KiER XL ONRE ZRIFFICHIE TE 5 Z 8 HESIAFIH STV
BH[14]. L L7 n, BESITIEE R RE WD OIALRICHNT, HOALTEE Y
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Pressure RTM) (2B L Cix, M2 & ETHILT 2720, 7V 74— 2B H DL O E L
WTERWBENRHD. LEERn->T, BEEZR7T v RIZHBWT, BIEoERIRNOE=42Y
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42 VA Y —8EEBEXT 7 A 5

AWFFRIZBWNTHEN L, LA U —8ERDE T 7 4 54k i, ODiSI A-50 (Luna
Innovations Inc.) T 5. Kt A7 AORE Ay 71%, HIEFFH 1~50m, H/NZEH 5
fRBEDY 1mm, O ZJAE P 23410000, ONT A0 fFREADS 1um, HIEY A 7 ViE 5Hz £ TTH
D, OTHMBINRESMEZRGT 5ERETHD.

LA U—WEAET 7 A RS2 IE, 7 7 A NOEREORESZICLVELD LAY
—HEL D 53 A1 % JE i B RE S B R (Optical Frequency Domain Reflectometry)iZ & - CTHIET 5.
FDD, JERNOHEREN TV T 7 A"\ GHhiE s Thd, 7V AT UHEADET 7 A
AN O L D2 OTDR TikZeW=®, IEFITEWVER lum & W 5 22 /0 fiREE THIE D ATHE T
b5, L, MM BTV BETOT—Z 2B TELL VW) 2L THY, WESNoMmD%E
AT M EEEECHET D7D+ akT —2BETHL. K774 oL ALY —
BEELGIE, T 7 A NRNEERT D05 T ADEEDOARE—ME, 37 OELEO AR —HCRH
MINZE->THELD. LTERn- T, EEELIZEAL Z S ICRFEOEEE S ME 2L TBY, %77
AN TEDBEARHRIERTH S.

Fig.4.2.1 l2 LA UV —8ELAYE 7 7 A "Mk iz k- ¢, HIE Sz LA U —HGELY IR
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X, BEBLY, OFTAHOERESD Z LILTERV[6L]. —TF, LA U —BELLEOMRE %5
MMET D LT, FFEICEWVEMOMRECTHEZITO 2N TES. MEINTZLA Y —H
BLYCTREES3ARIC, MEMTRRIRE 25—V REZRE L, M 7 — U =25 (Fast Fourier Transform:
FFT)AWB A2 Z & C, FTEIROZEM AT bABRTHLID. ZOZEMART MLVOJEEEK
L, BESOTAICE S TREESR Y7 FE2EL, BRET 7 Fo&IE, ¥IHloAX7 ML LB
EDAXT NVOMEMBEZHET 2 LICkoTHLND. T LT, ZOREEKY 7 hE&L
RELLOOTHPIEIERE D 2 b, MERSOOTAHARRELIIGT 5 2 LA HIK
L. ek, F=UREHANORGENTZOT AT, ZOEBIRERICL > RIS DT
b5, Fio, F—UVEREMOMREL Vo Te T A—ZITHEZL VDO THLERTX H /37 A —
A ThHDH. LoT, FT—=VEONRIA—FE/NILTHZLIZE-T, HEAMTEHTLIT—
ZEHNTHIELARETHD. £, YROZ L THDHR, ZEWMOMHEL/ NS THIETS
EET—UNBENT D HBESHE E D720, AT AT O EET SN L, SRTIC S S RER N
LTLED. ZDXIHIT, MHTREMIIAATEIPH & 25M 0 MRBIZ K> TkED, ML —FF 7D
BIfRICH 5.
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Fig.4.2.1 Rayleigh scattering-based optical fiber sensor and measurement principle of strain
distribution.
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(KF96-XXXCS, &8k U z—> , EkEEE 50, 500, 1000 mm?/s) ZH LTk Y, HIEEIRD
BRI FA AT TRESN, 7uo—7or MIBRICE>THEREENATWS. 774
NEUFICL > TG SN T —Z O & & LT, 7=V R EERMSHREZENER
lem ERREL, T— X ORI 1 BERE LTS, 2B, MEXHEREZ2ERTL720
WZAFET DT> TN 5.

Flow direction

Sealant tape Glass cloth Flow media
X =220 mm

AVAY \YAVAVAY

v

AN

450 mm [
Optical fiber sensor Adhesion

Fig.4.3.1.1 Experimental set-up and location of optical fiber sensor for flow-front monitoring during
VaRTM process (X is position in optical fiber sensor [mm]).
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X=600 X=920
X=690

150 mm

” [ 1 |
[ 450mm | | |/
X=550X=510 X=240% X=160

Optical fiber sensor with parallel layout

Fig.4.3.1.2 Experimental set-up and location of optical fiber sensor with parallel layout for flow-front
monitoring during VaRTM process (X is position in optical fiber sensor [mm]).
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/

Fig.4.3.1.3 Experimental set-up and location of optical fiber sensor witch has angle 6 against the
flow direction (8 =30, 45, 60° ).
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BEnN=07Aa0htRe 3. 72, 20OLEXONT 7 AN YO DIAL LM
Fig4.3.11IZ"THDOTHS.
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Fig.4.3.2.1 Strain distribution measured by optical fiber sensor using silicon oil viscosity of 50, 500,
and 1000 mm?/s (flow-front position is 45cm).
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Fig.4.3.2.2 |2, @kLEE 50mm%s DU arF A L EERSE, BRI > TBllEn-7 1
— 71y MIEN X=25, 35, 45cm DO O ApAiznd. o, TOEEONT 7 A4 3k
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MEEZLND. LNLERRE, OTHGMITERETHY, 7u—Tor MEEEIT TRl
iR rERA%E L TR OT AOMAOMWB D> LT HENT D, LoT, EfR7a—
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(b) Flow-front position is 35 cm.
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(c) Flow-front position is 45 cm.
Fig.4.3.2.2 Strain distribution of preform measured by optical fiber sensor at various position of
flow-front.
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EEZD L, LITOR(4.3.3.2)035680 2o,
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Fig.4.3.3.1 Strain distribution at time t;and t, with the difference curve between them.
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Fig.4.3.3.2 Interframe difference curves at 60, 300, and 600 seconds after starting resin impregnation.

600 T T ™)

550F - Optical fiber sensor
500} * Visual inspection J

o

W W b A
g O
o O
\'\

Flow-front position[mm)]

o
o
'ﬁﬂg

100 200 300 400
Impregnation times[sec]

o

Fig.4.3.3.3 Flow-front positions detected by the sensor and visual observation.
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Fig.4.3.4.1 Relationships between flow-front positions measured by optical fiber sensor with leaning
angle 6 and visual observation.
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WCERELTEY, sHAfET 2B Th-o7.

Sealant
Media tape

™ 'B1

f Glass cloth/ |\

¢a: Flow direction N: Tape X [mm]

A1 X=0to18 B1 X=1401t0 159

A2 X=41t076.4 B2 X=179.5t0 215

A3 X=906.5t0 114 B3 X =234 to 253

Fig.4.4.1.1 Experimental set-up for two-dimensional flow-front monitoring by embedded optical fiber
sensor with grid layout.
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Fig. 4.4.2.1 Flow-front positions along the optical fiber sensor length detected by optical fiber sensor
and visual observation.
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Fig. 4.4.2.2 Flow-front shapes at arbitrary time measured by optical fiber sensor and visual
observation by video camera.
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Fig.5.2.1 Schematic view of multifunctional sensing system by Fresnel’s reflection and
Rayleigh-scattering based optical fiber sensors.
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Fig.5.3.1.1 Experimental set-up for monitoring of resin impregnation and cure process by a
multifunctional sensing system.
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Fig.5.3.2.1 Flow-front positions along the optical fiber sensor length detected by the Rayleigh-type
optical fiber sensor and visual observation.
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Fig.5.3.2.2 Flow-front shape observed by video camera (T=570 sec).
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Fig.5.3.2.3 Temperature change during curing process measured by the Rayleigh-type optical fiber
sensor and the thermocouple.
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Fig.5.3.2.4 DOC curves measured by Fresnel’s type optical fiber sensor (Temperature from
thermocouple and Rayleigh sensor).
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