| E 48 %5 F£ 24 H1/2021 £ 12 B/ E L

BAA, AR HEE

RAFM T RO TR, Sk K3 1300225
PRBFE TR M E SO BB B FE M E AL, Hh KE 130022

TEE TNy R 3 7 A R B R 8 A TR R 5 R B S AN R T I, BTt T — AR IR T O £ DRI A% 0 2 i el ol T
SERPRS BN R GE AR T BT AR U (FBG) [ 51 I 1 K dis A9 = 48 oth T s 50k .l ad ANSY'S X il T 45 44
TS )RS B o 5 F 4B T AR 37 43 A AL L 7E 100 NI s RIBAE 524 0. 243 mm, HAR 438 N7 ) 37 43 1 ¢
PERISL T FBG MRS r . A T it i B O A% K = 4k D 0 A IR R G . RS R R Y] Handyscan ] &
Bt 55 SE BRI ik I A9 2 X 1R 22 B AR IR TE 0. 026 mm 2 P9, T3 B = 2k WA o T R DA AR 4 S RS2 B T A2 0 ) JR
BT R A8 Ak, AR T M T B4 19 FBG 45 D i s 80 5 Handyscan I &5 50HE (9 AH X 152 22 BARFEAE 6. 67 %0 2 N, F- 1
MXFERZZB/NT 4,530 FI45REIE T RS AT ATHE . Bl BRI T AT 4% 45 0 4 B W D00 o 52 8 T Al

22 W5 I B 135 53

KB OGO WAL =4EEM; A A g

hE4%ESE TP212; TP253 XEktRERL A

1 51 7

B 9T 23 A SR @ 1) T A L S B o
X IR R 22 4x i 2 K i 5 2 U AR 2Rl
SR e TR TG 2R O Ml (FBGO 12 128 I 45 1 il K
CAT R AR R AT BBk B Z A, AL
TEAS AT O Be s 2 3] A B R S e T & AR R R L 7R R
Triir Beax N 32 21 KUBH 7 45 DR i 52 o ) 619 B2 A2
Gy X AE AL B FIHLIE S50 53 52 B0 PR e
G RAT e 45 KA 1) ek B M D00 B AT g4 1 A

UTAF R [ AN TG R e Ml B4 A% SR 31 A X it
TE T FEZ ) 7 A28 00 ek 0 o At T Y 0P T L PR Ot
L7 AL S A A T 23 0 R W 58 AR AT R A R
FUR R T KA R AL T AR R B 2 285, X &
R SR i P O P RE 235K i 5 A 7 495 4 fet et )
(9 05 5 AN BT B AR | T A AR IR i DL B = AR Rk
AR AT W o AR A A AR S R AR
AR R AN E T HE AT RAT & A5 R S0
W PR R T £ A A R R AT B A AR

£ e B A
doi: 10.3788/CJL202148. 2406001

A B R W5 N H . 2013 4F, Kahandawa
SO HT T G £ A RS M AL 3R A 2T Ak 15 R
B WIS IR 45 R ) e BRE B D A A 5 2019 4
Sebastian %" % A7 BG40 47 0 FL G £F A3 B ks
G A 1 e L, AL T LB S A S
BOGEF O L B 28 A0 L, e O RO $ & Tk 10°
5 LT M R 2 1 s ) 2 08 15 310 K e 42
2018 4F, M WIS A0 T O e RIS 3
PESE RS Ml R O &R I UE 1 AR B ML 2 1 52
TR G 2T A% SR S isp M 0 1 B R AT AT 5 2019 4R, B
W5 4 N T OGET b 90° 43 A5 I IR A R 2R
189 07 A8 A% 3ot B 2 B Y Sl e o B A A% s R 5 L AR IR
o P R AN R TR 2

g5 LT IR YR YRR AR 5 A8 FURR A 25 A
AIBIFSE R 22 L TS T i o T 445 ) R A A R S TR
BRI 5T /0 2 b i AAE T ) AT i 2 AR 45 4 JF 25
ARSI Wy 1T S6 F T FBG MRS 1Y il i
LEHPRES BB GO I Z I i3l A il
TET 225 F6) 75 JE 1) G 0 A py T 4 A AR S K

Wi EE . 2021-03-22; 1B B EA: 2021-04-27; A BH: 2021-05-17
EEMB.: EFRHAKRREIS(61703056) . FMREMEEFAA 4 (20190103154] HD

BIE1EE . “lzc@cust. edu. cn

2406001-1



E 485 £ 24 H/2021 £ 12 A/FEH®

A7 fow F) 45 R A i A 0 5 gt T R R O F 9T T R
X el T 5 R R AT o A B AR g A e I A
FBG [ 51 of I S ity 180 45 449 114 il 5 15 8 A0 R A2 I 44
Sl 2 TR BT X gl TR £ R R AT 2 R AT 3K
F] 552 i R0 T 5 R RS B H Y

2 TSSO S = 4E A 5 ik

2.1 FBGUERHE
FBG 756 2F 25 3th 3 A J5t 4 5 258 5 J] 40 4k 0
il B — bl 27 J0 R AR E AR R R A R, 2 58
W CTE G LR G v A% i B 6 . Bragg o0 K &
PR R, RSO R Hb  y
Ap=2n.g * A, (D
Ay B Bragg O BK sng HOGEFCHIEAY A A%
Pr o 238, BIAPT I 25 8 i i BE 1) 3448 s A R et
AR E . B (D AT A SR ER G R S
oA IR T AT 5 3 g OGRS A
TEUR B © Fn 0 RIS 00T o 246 2F Sl 52 31 iy A2
e SN, Bragg WK 24L& Ay PTRARIR N
My =2;(1—P)e, (2)
KPP NESHEREL AR 0. 2165 A0, A LT
b)) e RTINS 3 N RS A= o
3 L A T2 R 2R RS G FBG % IR A%, #57 Ff
I 50 ST DA O A B I % 5 32 Y R A
() 5G 2R, AT A5 20 B 0 a5 i fif A5 8. aniEl 1 s,
BEHCH T L — B A KN R A fOT BEiE AT
AT, Horh FBG A% 288 K 5 F 32 ot Be i b ) iz
Bt LRI AR AR 0 Fow B YU
FY R R o e Bl 3248 . XY X il 1T 34 T 45 4 it
T A s, 1 RO 25 A Y SR TR R SR
JE45 78 K48 5 hr AR S 2808 R AF 78— AL L K
JE QR FE AN AR B AR S By e R 2 (L g 4 A

R+AR

B 1 ARG ot Bos 2 #
Fig. 1 Schematic diagram of micro-element segment

before and after deformation

). BIEHEE Mo B E 1 R,

WA 1 R s R T 2 TS R D A JRE B i T 4

F ARG A ) 27 5 A 2 AT A
JR =p X0

[R—AR:(p—%)xe’ )

et

1 2 AR 2
h=—=1-X—"="Xe, 4
o X R A X e 4)

¥ 2R (O KX AT1F FBG Hao 9 K R #% it

SR e RN
\ :i: 20A ] (5)
p Ay(1—POh

XF T8 E 1 FBG, KU A0 K Ay R R
JERB P, R PRI F B TE I e 1 R
h FBG 1G24 1 b0 B KR B & Ady s B AR A
(5) A HE AT LAAS B RE I ) il S, 1 E 5 A5 45
T g5 A i 2R A A i S 1 = o il A Bk R T B
W,
2.2 ZHEWEX

Xof T A I 25 K8 R U K il T 45 4 o A R
TCHSE T 10 2%, I vy S B S 4 i T 45 4 A i N
Boith &, gl 2 o, A Hh — Bt Ze i s s O
T T TR A R D R A bR B i A0 3 4 5
LAt il 2 BE A AR B L R S R R G SRR A il T . AR
e o LN D R 1 O S =S N D e )
TR o 78 XoF 1l T 45 44 (9 R 25 R v 3l i FBG il i
S I AR A BRI K B AR S, T LAAS BZ R
iR A 8 B ik 3 = 4k gl 1 EE A

Lpo Lpg

K 1 Laait?
a [
| |
| |
|
Yroh — — — — — N — — .:___/1'11
Yei J | / P
N | /
~L: /
~o | /
™ l,
~. ,
\\
y Yro ———————=3%
/ ) -
/ -7 rep
/’\’,, v or
Q-
Yy

Bl 2 AR om 2R
Fig. 2 Schematic diagram of coordinate conversion
WE 2 B, WO — BRI i 4 0r 7 4o & ST
B—Abr R 2Oy, 3t O mAEMZ OP M4k, H
Oz" 3% O HAE Ox " WIEL N Oy, BT 5 AR R
2'Oy" P 1A 20y LAEBR R (2 po sy po) » P RLTE

2406001-2



E 485 £ 24 H/2021 £ 12 A/FEH®

2Oy ERIBBAR N (p s yp ) s HIHZE OP BIITEK .o
Fk OP Y1k Ox' 5 = Sy e/ . B Ak OP
B rop A HIZE OP By llR 215, R4 355
JU KRR, o« SR MK ZEFEN KRN

300

a:J/e(s)dso (6)

s=0
WE 2 Fi7R s xpq 20 P FEAFR R 2 Oy T
BEAEAR 2o 7E 2 BFRAI IS s ypq A2 8L P TE AL FR
F 'Oy TR AR 2 16 y AFRENIHEE , th =
1 LA JF1H AT A
{Ll—ypl ><smao N
L,=yp Xcosa
TEHE—RIRR 20y F.HF L, K apg 5 a0
Ak bRZ 22,L, N YrqQ 5 ypo WLIRZ 22 Nl
L, =xpg —xpo=xp XcCOSa— xpp
{ (8

Ly=ypo—ypq =yro —xm Xsina )
I SVACONCIE: WL
{x P(} {cos a —sin a} {1? pl}
= . o 9
Y po sin @ cos a Vo
TR AR R 'Oy i =% AQPy pe M HH
Xp =71op X sin fB
{ym =rop X (1 —cos B)o
TES AR R 2/ Oy v AR 43 TL AT o ity
FREMK KR, /15

N

1o

(1D

op
b
rotrp ko +kp
or — =

2 2k ok p
A,y SWFEROP AR LR, BT
(D~ (11) XA

kot ke X sin ——
cosa —sina 2k ok p 7 ro
{sina cosa} ko +k; <l—cosi> |
2k ok p 7 po
a2
B (5H) A5 A2) A1
o)
Y Po B
A—POh Xsini
cosa —sinal| [40A500p ' po
Lina cosa} (1—P)h X<17COSL) ’
AAX .0 Al g p r PO
(13)

KMo 5 My 45181 O P W 5045 1906
AR mBs e, M A3 RE PG A
F O B AFRIGE I 20 DL ypo o 4588 1A 3R
AT SR R SR A A A bR 1 LR A L B BRI
2 400t 58 58 i, B A i 2B — — A%
X PRV 24 i TR U IS A R v T3
DA
3 MRS
3.1 {FEEIt

ARSCEZLM IR Y 2 6061 55 & MR H
JELRE I S) 0 A F A ) S5 A AR EE R 3 mm, A
W o N 2.89 g/m’ IPERECE K 68.9 GPa, il
FALL v 24 0.330, ST T A A 4 2% T 32 it e I Y
IR, 8 i ANSYS workbench #& £ X £ 1 £4:
it o ang 5 45 B BT L T 25 R 3 T
R 1% 728 35 40 A A L T8 3 Ca) L (b) 23 B 3k 40 N
100 N B RAT &5 A e 2 T8 (4 1 748 37 53 A o

&l 3 & ik ANSYS A7 B JT 4 B 8K 45 & Y
08 78 A5 2 A5 R A B0 A A DO A &5 g 3R T R AR 43
B, B 3C) i 40 N % i B 75 002 45 4 1
FEAS 43 A L B 3(h) R it i 100 N 2% i i 735 0 12 &%
F I AR 3 A L 3Ca) (b AT LR H, &2 2 1w e
A% 3R AE 32 e VR I T8 AR AR AR AR X B 43
50 4 A AE T A b B, I 100 N2 nf i B
KIEAE &N 0. 2425 mm, il il 40 N 7 i} iz KB
AFHEA 0.1213 mm, T 7E A2 e R AH DASh . BT
B AL E TR A BN . AR 1B N AR Y A A
Fa T LG 2 FBG 07 B o A . 7F I AR A8 Ak B
JE B G A7 AL R s FBG 4 IR 2% L L £F 43 A 1 90°
Gy A AR R TR AR AR, T2 B R AR
TKCH A% B B R S TE TR SR AR R e R
b2k Oy 5L T RE A RO Y A R AR B L DA 4R
N 4 B
3.2 REMEK

RGOS A E O LR g R A
JE 48 B i T A A S A A B AT
AU TE R 4 TR I R G0 8 1R 45 0 18 A8 f KAk DL K&
iR AR Al A K AR KGN FBG 15 8% #% . 3531 6 4~ FBG
R B A AR AR % 8 L FBG A& IR M 2%, 1405
HOL & Kk B EOC A MG A A FBG 1218, BT
W55 2R A ARG 5 162 e g AL 1 52
B Sk 7S e R 2

B AT i R g IR R R LLAE .

2406001-3



48 % 5 24 H9/2021 £ 12 A/ P EHGE

@

200.00(mm) Y7Z
. _ _ j——
100.00 i

X

(®)

00.00(mm) Y‘Tz
S ————
100.00 -

X

3 R4 5 b 2R T8 0 AR 4 A B, (0 4 ams Ry 40 N (b) il g 4af y 100 N

Fig. 3 Surface strain distributions of structure to be tested. (a) Load is 40 N; (b) load is 100 N
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F1 it AE s2 B AR 220 R

Table 1

Error analysis table when pressure point is at s2

Deformation value /mm

FBG number

Absolute error Relative error

ANSYS FBG Handyscan A /mm s /%
1 0.215 0.231 0.221 0.010 4.32
2 0.239 0.252 0. 244 0.008 3.17
3 0.351 0.403 0.377 0.026 6. 45
4 0.327 0.312 0.301 0.011 3.52
5 0.134 0.149 0.142 0.007 4.70
6 0.138 0.151 0.141 0.010 6. 62

£ 2 R STE 9 B AR E TR

Table 2 Error analysis table when pressure point is at s9

Deformation value /mm

FBG number

Absolute error Relative error

ANSYS FBG Handyscan A /mm o /%
1 0.214 0.221 0.223 0.002 0. 90
2 0.229 0.233 0.246 0.013 5.58
3 0.113 0.123 0.115 0.008 6.50
4 0.102 0.112 0. 105 0. 007 6. 25
B 0.335 0.342 0. 331 0.011 3.22
6 0.329 0. 335 0. 327 0.008 2.39

3O ST IR 2E 0BT R

Table 3 Error analysis table when pressure point is at s7

Deformation value /mm

FBG number

Absolute error Relative error

ANSYS FBG Handyscan A /mm o /%
1 0.123 0.141 0.136 0.005 3.54
2 0.132 0.135 0.126 0. 009 6. 67
3 0.252 0.257 0.246 0.011 4. 28
4 0.247 0.252 0.268 0.016 6. 35
5 0.312 0.324 0.337 0.013 4.01
6 0.331 0.349 0.338 0.011 3.15
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Abstract

Objective The current methods for structural health monitoring are suitable for real-time monitoring of aircraft
structures because they have the characteristics of the complicated measurement process, high quality, and
complicated operations. Therefore, the aircraft structure state detection technology based on fiber grating sensors is
becoming increasingly important. Aiming at structural deformation problems caused by strain field changes and
environmental loads, the overall strain field change monitoring of the free-form surface structure is performed, and
the fiber Bragg grating (FBG) array is used to measure and obtain the curvature information and strain of the
structure, using structural health monitoring and three-dimensional (3D) surface reconstruction in the aircraft as the
research background. To achieve the goal of real-time perception of the state of the curved surface structure, a

2406001-9
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three-dimensional reconstruction algorithm is built to reconstruct the surface structure in three dimensions.

Methods The finite element model of the free-form surface structure is established using ANSYS simulation
software to understand the degree of deformation of the specific surface of the test piece under different pressures.
The static stress simulation software performs a numerical simulation of the strain field distribution under different
loads of 0, 20, 40, 60, 80, and 100 N, which is gradually increasing. The simulation results show the strain
distribution trend of the surface strain field of the free-form surface structure. The maximum deformation is
0.243 mm at 100 N, and the position of the FBG array is determined by the stress field distribution characteristics.
A test system for surface position offset and three-dimensional stress field distribution is built, a free-form surface
structure state sensing system based on the fiber grating sensor network is designed, and a three-dimensional
reconstruction algorithm based on FBG array test data is proposed.

Results and Discussions When the load is applied, we measure the center wavelength shift of the fiber grating at
the positions of the six fibers, record the change in physical value at 0, 20, 40, 60, 80, and 100 N, and observe
microstrain under the condition of no plastic deformation. Under different pressures, the microstrain pe changes at
different positions of the workpiece. The strain should have a linear functional relationship with the FBG center
wavelength offset, and the three-dimensional reconstruction algorithm in section 2.2 demonstrates that the curvature
is positively correlated with the fiber center wavelength offset (Fig. 6). Because the wavelength shift of the
pressure points sl, s2, s3, sb, and s8 has the same changing trend when different loads are applied, we choose FBG
measurement data at point s2 to compare with ANSYS simulation values and Handyscan measurement data. Similarly,
data comparison experiments at s7 and s9 are conducted (Fig. 6). When the pressure of the pressure gauge is fixed
at 100 N, the maximum change in the strain of the FBG strain gauge group monitored under the same force is
28.5 pe ', and the simulated value of ANSYS has the largest strain under the same force. The amount of change is

28.3 pe '. When compared to the simulated strain data, the maximum absolute error between the experimentally
measured strain and the simulated value is 0.7 pe ', and the relative error is less than 2. 81% (Fig. 7). It

demonstrates that the FBG method of measurement has high precision and it is close to the theoretical value
(Fig. 7). The test data obtained by the FBG array is close to the data measured by the Handyscan scanner using the
two measurement methods. Since the Handyscan scans the center of the positioning punctuation, it deviates from the
actual position, and there will be many burrs when scanning the surface. Therefore, the Handyscan measures the
coordinate points before and after the force is applied to the workpiece to be tested. There is an error between the
data and the ANSYS simulation value. The absolute error of Handyscan measurement data and actual measurement
data is kept within 0.026 mm. The relative error of each measurement point data of the FBG reconstructed from the
deformed surface and the Handyscan measurement data is kept within 6.67 %, and the average relative error is less
than 4.53% (Tables 1-3). Therefore, the spatial offset value in the force-bearing area reversed by the strain sensor
is close to the Handyscan measurement result, which is consistent with the expected effect of the experiment. The
3D reconstruction surface obtained by the 3D reconstruction algorithm is approximately close to the surface scanned
by the Handyscan. The more the pasted FBG sensors are, the closer the reconstruction effect to the actual situation
is and the smaller the deviation between the reconstructed surface and the ideal surface is. It provides strong
evidence that the FBG array can be used to monitor the curved structure’s state change in real-time (Figs. 8 and 9).

Conclusions This paper uses the spacecraft surface structure as the research object, uses linear interpolation to
continuously process the space curvature, proposes a 3D reconstruction algorithm based on the FBG array test data,
and finally builds a set of surface position offsets and a 3D stress field distribution test system. This paper presents
the FBG sensor network distribution design that conforms to the complex surface structure, combined with the free-
form surface strain detection test, optimizes the test data corresponding to the variable sensitive position, and
provides new theories and data for aircraft structural health monitoring support layout design. The free-form surface
structure state sensing system and 3D surface reconstruction algorithm based on the fiber grating sensor network
investigated in this paper can more accurately reconstruct and reproduce complex free-form surfaces, which not only
validates the feasibility of related research ideas but also helps to further realize the spacecraft real-time perception
and reconstruction of typical structural forms, therefore providing useful ideas and technical reserves.

Key words fiber Bragg grating; structural deformation; three-dimensional reconstruction; spatial surface
structure; structural health monitoring
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