Digital Detection ﬁ?‘kﬁm

FIXAK 0, BAL, BEHE, F . CIE LGRS 2 [T]. A H)E# K, 2021, 64(23/24): 39— 50.
LIU Fang, XIA Guisuo, WEN Zhihui, et al. Current status and prospect of defect detection of aircraft skin[J]. Aeronautical
Manufacturing Technology, 2021, 64(23/24): 39-50.

BB BB AcHIN
B S e

X FLEEL,EEE T L HEFHK
(1. HZME R FAMENBERAKF I EEEZEE, &S 330063;
2. b EACE R AAAL T R S HA FRFAEA S, 8 110043)

[(HE] WMEREER T AW RBLELNA RS L6 RH 4, BRI P AR LB F b, X
Y ARAE 52 K 5% T AR, AR BAE N T I, Bom KL A S AR, A AT R 4o AP RAALE R B g 6 4] TR 2 R pute
Brp G AR KR, R KR A ERARIE, AT KALERF LG 7 A8, o T L = A RE AL E LR
T ARBERTGPT AR R E 0 A KK, RAMER T A5 R B 1409 & F AR H ARG Z R IR TR K
oM AR GG IR BEAT B 45, SH 3T E R B m e L AT R AT T 2.

KHEIR . RALE R BhTE; ;42 Bk A Ak

DOI: 10.16080/j.issn1671-833x.2021.23/24.039

CHLSE AR T RHLEANE, B BIVER W ) i 52 Be BB Aor 1 9% 55 %4
AURFFNERMEBEATE . 58 808 Mm% SR H5E R —H ok ih m
B R RALE Bk SR, S5 R, R ARG A e A R
ettt ReRa EEEm Y, BB W2, i e it
B LS TAb R R, SR mT R el BB T 4 A 24 7= Ak iy
SEMERT e 2RO E WL AT ZEa SR AR ARG
A AR R RN A Ay JE S AR (R AN B DT 52 M 45 ) %) i 78 Jof o R (A
TREP, WIS BRI AE g7 S R RS
e ) Wt O N N LA AR S AFAERIBR S 22, anse

CHLE R HEA B S5 B 20 5K 585 Z 8] L
JE R TR S A ph O BB IR R B R 2 R A

WA o BN E 4 KA S mERIE NS BLAh, W Tt nT RE e AR (), a0
q %= B BRET A BRI A A FORIAE B BT BT AR i AR AN TE L AE Y

W4, TEMNE S LRI BlE AR B R EAEA R EX RALSE JERIZ N T R DL T
B BE&OH. BRI RGN B BT e N[ A 3 7= O 11 0] 1 iSRS B - a1 i ¢}
;oo CHLRBE T R P R A Z B A o TR, CHLR R T & RS

* BETH: FHFEHRPFEEES(51765049 ) 5 Mz B2 54 (2019ZE056001 ) 5 FEIZ R RBLEIE TR ARPFSE 0135 54 ( COMAC-SFGS—
2021-604 ).,

20214F 55644 5523 /240 - RiAsliEEEA 39



- . .
—— Ix oru

PERE B B R 32 I

e LIRS AR, T Rl sz
SR T ARG A ST 5
TR SR 4 1Y B IR AR
B[R (4 385 o, CHLRR R T 2 ik CE
W& AL A TCHIL ) (5 P st [ e 3 15
FHEFTE] R 75% ), 5¢ B A2 W7 i 25 L
PRAR R 121

X TRAILSE B 2 i o o B iR A%
AR BR T AR P R R
T AR A s R AN, XL
5% K7 ARG I 1 2 B A o e R E
Jitio 4R, A E R A A
FORBRE SR 52 B SEBRAB L, N
IR Y IRAR N 55 RIS LK 2
AR R T RN 2 PAE
SR Ak U IS kLS R
R A G 400K, A A2 T 6L
5% KCH LI 7 FPEREG IR or B T
AR BRA A B DL RSG5 R IR
PR & S HTIE LU TIA YR
WLE2 B ARG INEE A, o N A1 RBLSE e
BB I A AH e E R HEAT T 0 S
s e, A CHLSE B R AR ) &
JEFIN RSt T T R,

CHFEMBRES B

TRHLSE B i 2R R BT LA Ay
7 28,43 B MR KR B
SH R SE AL R RBRG
X B e SRR e T AR fof
i R RE PR A A R R
B, FZ I T T 42 2%, T fg
SECH IR R LSS S5 R)
L, —E R RN T 58 B 1) R B
i PESE AR, AT RE T R MTR K
R MR e S SR I, X R
HLES A ARG e 1 B 5 552 R e s
i RE R, ZF N 7 DL EREE R R 3L
A, A HL 7= A MR R 244
J ik RS A B X PR AE AT
TR R SOR R 7 2858
BB T AT A R R 1

(1) MYE, w1 R, MR
— AT I 4 SR G e R L 4

Ak R T FRTG AR ) 25 A PR b4, 3
w SNBSS R, LA
AERPEY (T H T3 BN 1
i o5 B R AN A Y B 2 B T A
TFF R AT R R K
85 S A sl L RPLER A
LK AR M PR B . BT
PRy B AR AL, B ATBE T, R
fRATPERE, 15 A CHLA IE 5 B4R 5))
8o A, MR XS 25T i 15
TS 0 B R A o5 P BE P12

(2) %R, R SR
TR BE A Y AT I R 15 (B R R B
e XM 0.1524mm ) P WF9Y &
HUARIIE K Z & i T 76 L BRPLIASE
B 100 25 ) %% 5 I SR AR T BR AL AR S
FTH PORG EAR R A FE v, T
T &I RS EARGIE R T H
I 35 BB B9, B ARIDR % & AR A
B B I B LB 58 R A )
PO IIEE SN 3 RE SR, Qe E LS
VRS E X, AR
FEANIR 1) DX A e & Il R Ak 28
BF, B TR A 15, IE
% ST IR, KHLFE AR S A i 2
O ERR B R 2 S AL,
AR IR RS E I, 9 57 IR S
RIJR2R8 A J , Ak i AE A [R) 3 = A
TR TS i/ N, B AR
PRl VR R 8 — A K R AL,
5B IR RE s RECRHLES T
B 3 IR ) i 2R 252,

(3) ML RH . SR

PLSE Rz I A 32 B e o, i A I
Nk AE 358 W K 2N
PERERIMC I 97 F i 7 IERIEOLT,
BIET N 5 CHLSE B R 5 (A AEH)
P AR, T RE I IR AAT Sk g A
ET B A vt ELAR ANTE R SE TR 22 4
BVET Z 18] A ) B I K HE S LS 5
(Al EONET S5, ARSI 5 17
FERELEM AR CHLIERE . XA
BIVETT S, A 804 5 BT 1 T AR ity
() BRI, W AR i 1) S JEE 8R4
W, BEHZ AT I 1 2E PR RERE AR,
KO WIR s 5 004 I 748 v i AR
BN, B AR S, B S T3
BVETH TS . EAh, LS R B4 2 ]
(3% 32 R 2 B0 T B T G, 5
PIANEIET 2 Al A BE B ek, B
ER T ANREY ST o3 A, — 5 SVET e
S PR 2 Aar FE A ENET R, AR IR A i
PR IR IVET 25 5 Bl IR Y, 41,
2 1) O £ 3 R4 2 R AR A A 9
55 F0 , BRI S FLIR B 2 B A IfT
MR IR, B e 3k 1 e BEAS
JE P 2 R, KHLEE KA
FEAE R B, B4 o i fr) A
T RARK

(4) 3852 % . WK 3 iR, |
TR 53 58 B2 A by 1 TH 2544
PRI ML FiE 5 5 R A L KT R
FTHAE, TR0 R 22 5
BEFLFY B 22 B A SR 1R 22 |
R TH T AR 22 R, 1 52 e
T B AL WA G — B 18] B 2 B 22
TECHLEE R, X672 (Y [T BN By 2

1 XHNE MR

Fig.1 Dent in fuselage of aircraft
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Fig.2 Riveting condition of aircraft skin
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Fig.5 Severe corrosion in aircraft skin
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Fig.7 Riveting defect detection based on machine vision



Digital Detection ﬁ?‘kﬁm

S P W) oE YN Y& A
il HER R IR eSS A L
LA HAG AR E N 5
Regim B AL AR N B sh IF AR T’
ML B2 FR T8 R L , 7RI I A5 IR R
S E A EAT Sk B E A LR
A PR EE RALSE f R TR L, I
REM R BN ONET A7 &, AR RS X
BET 7 B AT I R AR A . X A
R 77 A2 I R A I ) 4
BT 20 (R B AN 5 AT R Ak A ]
17 THARBEZ . AR+ AW &
N W Rl E s % NE NN 53 234
R ZF M EMN, Janovec %
R FH B K B B OmniScan MX £ 15
X B ECA #13k , Xf CHL 45 1L i
SRR, =2 H A2 A I ] 5E
FEAE R LS B B 1l 3207 7k
BB B R A X%
T 865 F o AT S 0 B R I 0O o %
BVETFLIE D e, TF R T — el
W Ty, BT K p o R B i O
A A —Fp PR Sk B8 [F1 2%
VT HEA T e R Y e, A&l 8 By
TNo T 2 ARSI AN 4 - Sl A )
SEILXT L], e il < B G AR
I A R S 5 E0ET = a] B R B AR
A R X 5 1 T, s Oh e
IR E A AR BN SRRl
i B A TR R ROR T TR
W B A B BN ET LS rp s T
BUFIRICR

R FE RSB AR BAT 1 RS e
T R AR A TE N T FL BB A

90°

8 IERKNTEE

Fig.8 Schematic diagram of rotation detection

)N AR #7712 . Fromme 45 &
SR F T Lamb 35 K6 W0 60T FL B 3 1)
45, BIVF ) Lamb 9% i 8057 FL55
AL T, W U, SR 5 o b
ST 5 1 A8 Ak, 22 B 2L a0 i) & etk
o R AT T ORI AR 52 B 7
B RO ARSI, 15 A8 T A A ), L
WA R SRV A RS UE
WL T Bt . i ah, CHLEE
MR ad F b, BVETFL I B 32 BT 1 2
PHME LA ARSI, SO0 Sl 1) 7= A=
RIBATEAFBIA R, A H e
T Jie S T 20 5 AR 7R R A5 A
FEAR S BUBVET LI e Y S A, H
T B ROR B BT R
DA B AR B BRI =7, X T
Z RNy 2 A5 B Rl A I 5 e
Sk k7 ) 5L, Wang 25 DB HL S
PG A S A R AR ZE G $E
T T 22 S ) AL AR
Fll 75 SR W 1 5 B M S0kl 22285 43 2k
Trike HHR—GMITEM L, 205
BRG] AR & RLSE B2 R
PR SR B AR A

T 6 R T AR A S — B 2%
FIR TR I 7 vk, ELR A N T
RN T SRS Res VK X S 4 0% VA
AT S BT % T 20 /N B 1 AT A4k
TCHKEI ., 20 22K, #F & T —Fh
PG C RN 5 R AR 4 A B TR G
DASCES , AT A= B3R % 57 2480 W3R
AT 9 S S0y R b i S RS, I BLTE
RFARAL T 25.6~102.4 kHz I, 36
TAI% 55 2480 AR I 5 T 7R B Y
R (4N 6.4kHz ), A AN 2 i )
FALCRNE AT AR . AR B AE
B8 1) 10 DA A B AT 5 PR A ) e
BRI TR G H TG
& KA A R To A
AJDLH T filke 27 4 45 52 6 bR G o di
K B B L ARY KT, R
b B R B RGO — T ARSI G B
DR N TR T %) S R [ Rt
Park 45 B $H T — R g I 94T
I N R 4 AR =3 A b b LY

B R s, IR TR TR
& 5 Ab B ( Digital signal processing,
DSP ) i A Zh 8 ET Rl &R 48, 7E
FIE I T MR AT A O T A T
KN 2, v . ARk,
Deng % BV BE Y T O BUS B0
Pl & bR B 22 FhoE S, DA AR R 43
FERUE T IETEBOL AR FE , TR S
HAE T & BB KRG b A
e T JE XA T —Fh RS Ab 21
FA B3 250k R R g s
DB S, FEAG I R O 25 A0 3 2%, B
TEWTRETE 1.5~100kHz 115 FE P A9
A3 N 5% B % TR 3% T 4 40 7Y
WECEMGHAT /328 AHAE T SCHR [55]
RETE T B 118 8 T A0 24 31 L PN A TR
W I3 4h , P A A feff FHASE LS A 5
2 D' PG A0 S 3 ' PR A0
AR A % ( Probability of detection,
POD) F5¢, Z24)5 HAIE W], POD 2%
&R TR 28t s itk
Wi — WA RGPS %
T 2R ol K27 e R R A
HRA I FE AL AT WG 108 A A I L
ARAIHRELEA ST TAE,

TE KB ™ At R rh 52 pe 3
SLALRY EAR ) A R I R TS
G B RS AGEIN , — R 1z FH A i A
F ke Yu S5 ) R B HE R X6 1
SKALHATAEZAGIN , S I S ALk 1)
s 26 R FE g [ s A 5, 4 BB S L
NGRERR , 7 B SL AL AR B,
LA A ) i 2 R BE, DA
TSR RS Sh AL R A TR, 21T
TRAUESE O . ER RS Y
TSI RHLGE K L AL A A AR
L5 AR, T2 A G = e e I
R G T AR P2 s
MOGTESE K E IR 1 52
Bz il I A ES R REAE , I i — 2D A
TFRA DAL R REL T ), A
1M ARAS 5¢ B2 1AL A r A i ik 1l 45
B IAEREW] IZG O R
W ZR GEAE 2Bl L LA 1) 7 B
YO AR B 1R 25 < +0.12°, HAT R AT

20214F 55644 5523 /2400 - RiAshETEAR 43



- . .
—— Ix oru

B MRS R, T DA 2 RIS R
FL A Ak B T ARSI 75 2K
2 RIS

WML B AR o EEAAAE R
2 5[] B )8, ikl 32 B A R
Bl R AT, DAORIE RAILAY 25 P41
SBNTERE, MR A Ak A8 v (%) JE o L 2 5
KT RAZ . X TR 225, %
GERI i K 208 N TA I, (]
FER FERM A T B il ar . (B 5E)
I T2 T 1 52 BRI 245 SR 1) B0
b, BAFTE ST Bl R Al S 4
TRk A ), B U AR AP
UK, [ AT ] B 5 B 2 A0 A
FERLR I, IR O IF R T AR A I
HIT Rl R SR 2% . 52 Origin
Technologies 7% ) [ LaserGauges
6 £ & 4. %< [# Third Dimension
Software /A A % ) GapGun Pro 7
Micro-Epsio 22 F] ] gapCONTRO
Z 5 77 i B i Hexagon 23 ) )
NEXTSENSE % J& ] 42 1 3% 1 )l 2
For I 22 8 45, # N H T ROGE B
AN Bz B 25 5 8] BR A A,
BAT 5y FAPE (BSOS K9k
LaserGauges OGN & 240, 45 50t
AMEATHEH AN ki 0L A0 0 27
S H T ARZ AT AR A A

AT 8T E R RHLA R S
Be, N FE IR T REE X AL
5% 7 1z 4 (R B 5 B9 2 [ L ) R DG o
58, K I B AR A L 451560
R SRR R,

9 LaserGauges BUEME RS
Fig.9 Laser measurement system of

LaserGauges

(B9 5% B A R B 2SR KA
JE T2 LR K 2F A 2s Tl 45 0
FH K5 B A 2R R
TE T BN e e X S AT e A, B R
JUT R S5 () 2 25 4 ' 2% 5 e e UL A
L, X A A B SR AR A g
[ NI 9 2 Bk T R4 T O A G
K TAELIAN, AT T 05 = R B
2 AR EUR L R R )
A v AR Y, XHF s Rt
D 7 vk B 9T, AP AR S 1) ]
MR H A X By 22 5 8] Btk AT T
W R T NRAIR 22, stk T 4%
SR J7 1, DL B % T e
ML R RS R X
TR A MO 5 vk, O vE 3RS
) 54l B o A, H — wam] e B AT
SE A N BT 2 48 1 0 BT, R
B o Wil A A OSBRI 114 328
2, [ N 5T BT 5T O ) 18
A5 R A SR B I 5T, B LA A AL
R 2 Bl I A O X B R RS
A5 B R A A A W B )
P T — R T L FE I B LA S
8% 0 (B B B 25 4R U v,
Xt 43 M7 1) B 5 i 22 A Bk b AT T Rk
HE, BT R RS . R
25 L KK 2R R A AR AE SN T )
ML Bz 345 [ sl . A shAG i )
ST 7,
Ak, [ Z0K A R 4 F
THTET AR WY, BT R
FEMLAR Nl B AL 5E I B R S 52
R s ) A s, T ERMEBEL
BH B Sh W78 BT 1 5k B 25 1 s i
XML AN 3D AR AT i R 1
FIRARE , KL A 3D 4
S R GExF CHLSE f sk b AT
R, AT T S50 = NI E AR IR R,
PEm T E R B SRR JEatit
23 UL R 2 B AR AR 4 T 4R —
ol SR AR B 00 £ e 5 4 1) BIL A
Nl Bl AR T AL B [ T %) 00 2
X, T RGEAN, ZRG 8
T 22 YR B R A A B D PR S

44 ARG EAR « 202145 6448 5523 /72410]

B 22 B sh 4RI A, 1] B By
ZEREE A s R T AR
TR S

ZE PTIR 6T CHLSE R iR Ab
ARG AL A ) g3 DR RSl R
1A A et e Wl Wl =y
A, A LR R i R THERE R
By REHR AL AR R
3 REXRmEES KM

RHLSE R R 4y, S EARAE
IR RIJR G i JBORGSEBRE , H R
I A ORI 5 VAR 2T MG A v
I e P ASHI AT AR S

W 10 Fs, i 58 B e A,
LT AMEIN AR AE LS B A e )
I — R FH AT AN AS A
20 tH a0 AR 36 B 4 P 7 B o8 e 3=
BHLT ANRRAR F AR T RS
R A5 o H i S s ) v a8 2] e
22 (0 2 TRATL UG 5 45 A 1 0 RS BB
JEE A AR R R T 8
LT AMARAR H AR X RAHLSE B B 52
B2 T AR i A5 45405 T 24 B A T
PIBUAS A R i g5 5%, I HaA e xt
P B B MT, NG TR L ok
T LA R RE X AR BUK S 28 TR 1Y
W EIMEE " Gong %5 V2 F| ] 30
LT AN AR AR X 52 B bR 2 T
BB AT AR, IR 50 2 I, BT AR Y
PG5 M L R A, BE A 205G 3% 1 Bl
Moo (H SIS IRAT I RRE K5
SR E 4T b BRE (S
B, 785 {57 Bl o7 R i K
TRZE . EFXT LA Y 2 57 S e B
(]R3 2 B T A
S AMARAGE S AR RLA AR
%, ST BE 1, ol 0T e i
# . X PR T A Rl A RE S [R] I AG
D) 25 THT RN IV 2% TR B , 0 3k L i
TEFZ R S 3 77 2T A
N AR R FH R g b T, 3R
X 55 1z 2 1T A A BRUS Dl dE A T A I,
7 REE VR ANSYS A BRI/ Hr
B, AL LT ARG 00 5 AR B A6 0 3R
B, 8 1o b i 58 R A A A AR JIE



Digital Detection ﬁ?‘kﬁm

oy LI

% bR
AT

HESS)

=]

R T B

10 EZhTSMARIGIRTE

Fig.10 Principle of active infrared thermal imaging

BH 21 ARSI A AT LA I i 1 g
T, I HAA5 IR B AR T AN e
XoF JE Tl ) T R 251
TRALSE K T Y MR 5 R —
P SR FH 2503 285 v 1 AR A T 7 i
MAH 3D FHAMACREN =i =
BHE X 5 B 2R T A5 A0 R e
P Hr . Allard %5 U F) A 5 = 8
P AT ALY 25 Tl 43 PPAG , LA
FER ) AR B, JT 5 RLE i
P BRI AT HL B8 o At FH 33 oo A 0
FARN] DL 48 BN R8RS A R0 43 B
WFIH] . 7E 2020 4F 3¢ FE AL KA =5 o
SRS IR b B EE NS
TIREE 2 LS RS B
AL G H LK A A i 0, -l
i KB FE A SR, WoR T A B
b ALY A A 13 S U7 X
WL B N T AL S 4R
Jovancevic 25 V% 5@ oo % = 4k 49 4
PR = e AT o #r, B2 T
Joy 8 2 T AR P TR R 4 LA o (4
MR SRR ) /5B . FEXARTE
KAV ERSE , TE— 2R % A320 [
BIFIIE T X k. RHLE B
S 07 5 ot %) AR i S ) g Ak
AT 2%, AT AH SCAIE 5T 1) M
BR. MERERHRZRSME
WURBFFE T & BT —Fh o H T8
TRHLAIL B 35 1 3k Bl 8 b 6 4 A
T 18y 158 580 TR R B A I A 7 X
FAR N T A P90 Tl i, SR Y
T SR ARG DX 3k A S 24 ok

P F AR SBENET ot Z 8] B D630
S PG B 3 A1 1 U [ e MR K 3R 2
Ko FIFARNA — PR RHE %
PRI R IR 3 47 246 6 0 S, P ) T A
DU 30 ()RR, 455 B0 5T RST AT 28
Bl 0otk g B T B B ET R AT
FEAL I EIE T HE AR TE LR
A FEE ok S e PP T A R

R P AN 7 A 5 B A AR T
A SR ARG v A2, W T 52
TR AN , Pl T 0 DX AR
B, A 50 J 7 R T 1 RIS g
PR S R B R AR & — o
LRI Ty i, AR R R R 2 A 5
FATCHE LR A B , BEAS — A I —
SE AR DI, SRR R T, A
F AT IR P A MR R X 52
KPR AT, Tods LR 2, K
BRBEHR, T LA UL T B 25 5 Xof
JURIAME R ST RA , T2
M2z B r s LM as PERIAAS .
FEmLE PHAEm S S E T
il FZ AR B Xt R B i
RIS, 5 A Ty e S PR
A ARSI o g 1 AR/, T 22 1
SURMEAT T JRBEAF ST, Gao 45 ' 5d
T AL BT G BE RS RO 5
SRR PR RS OGRS SRS
JUAR P AH LA FH DA R JBERS 1) 5
TE HR I T —FeRR06 — B ki [l
A5 2 5 A T 5 R 45 5 A
JBAAG 0 7 g g ik T HA
P, Chong % ™ R HIOEHE A K

I 22 298 % ELAT B0 RS ) 3858 1 0 25 % 5
B A MR 2 TR, 16
T B R [RIDR (5 5 A4 RE I A
T ARG R E , FLASINAS = B 15 e e
B, X6 3B T B 4 AR, X
D7 BARMERG

FRCBRE A A2 il 7 2R 7 46 0 %) (o
FEVE ) 0, T AL 52 R fake o A
() ZE ) 4/, Jin 2 PR T R
FRCBRE 4 A S35 B2 PN S ol g G
FiAR AHR AT 5 A A A R b
FERARAE . Wu 45 B A8 T R R
BEH AR SEEALIE AR A I 5T, 35
UE TIZ 7 1 RE 8 Wl 2 CAILAL 3L )
S ESEREMT R, EfHSR
g, B K15 228 0.063mm, i
KR 25 0.025°; e RS ekt
D 25 248 0.048°, Ji 25 1o T
o R CHLE “ATad AR b i T4
T 7= A 18 52 B 99 55 4 80T SR 1)
AR BT WL B AR A TR T
YEF R RS TEHLRE 32 T —Fh e T
FROBRE U AR S AR (R AR AN T 1%
i 3 S RN sh AR IR I TRk
V) PR PR R 2550 (LS vk e
SR A A — B ES

LS R R IR BRI, R
6 I - B #0020 FEASCR A Il
I ARG U A 2T AMG I AR |
A AR 3 45 i 40 S B K i AL
HIEARRN L, AT S
R REAL , 7R T AL R e T )
B, AN K 2 H S R R EE DL #8
NFE G AL IS, R SE R B AIL
E A NE R EISOESES RS AU S
B ARRAF B B S B e o T R AG  Fel 1%
HEATARBE , e 2P 58 B2 1 () 80
ity O ] N R A A R R 2
o R R —H B T LS
AL N oT , B 1 K E A
%ﬁ‘z% [87—90]O

AL B ER PR I AY
AR 54

PRI 58 B e B A6 M ) T 5

20214F 556445523 /240 - RiAsiETEAR 45



- . .
—— Ix oru

AT LUE B0 RIS B & 25k
W4 K 22 © A R S AR ARG I 5 A B A
Titke 21 FR o CHLSE B4 sk
B AR O e BNk, TR
BT MG ITAFAE R 7 FRREE |
B B BT A7 TR S AR Ty 12
BRI , A E RS A PR O
BNz 5 BEXT BB B AL
SME I AR R e 2o E AR
PLllE B RN A,
RARBL A 1 TR it (ZLA1 L
AL SR ARSI AL &%, I LASR
Ve SEY ) SR IR oA Lk
L G ol UG 25 B

C1)BETH A AN

PINETR CHLSE B o0 i G i %
VP A A I 5 T B
SR R BETFL A BIET AL R I
10 SR B b BB o B4 T T B
g T R BE AR X ST 157 55 B
BIET Z [ B[] B 0BT AR e AR

SEFEAT RN, O H [ A A B
P e AR B (I =4k 53 = S5 40
R BRI RIE S P Tkt
fe v 7RI B (H H ET T RS AT
FEW AL R R REAL L A Bk R
KR AL RS BIET ALK
0 2 R A T Gk A /N Y 2R
O JZE R, RIS 2R
1 DA 00 X O e o AT A Bt
F5 TP JCAR AL I £ A (14 % Jg, 12 0
(N N 5 N AR B e
FTALAL B BRI, FE9NET  5¢ B Y
A R T e RS R X A A
B, (B 52 B 3 0 58 R 5K
BUA B i 2 A S A2 AG I, B AT AL
] R Y o A1 00 T ) 884 7 LA
0, 3R ML SE B ik e A I 114 e K
HMERL AR, Bl AR MR EOAR 1
TRABIEFE, I 75 30 77 1o 1 e 14
R AL PG A A AGE I #9057
FLEREUR 7 JR PG Y B 177 58

R1 HREBEERBOMCESHRAENTTE

Table 1 Location distribution and detection method of various defects in aircraft skin
TS AEAEN B FE ARG 7
B : KR =97%;
L R R, WA >0.2mm, KBS dmm
IR R A . FTRRE =0.025mm, #ERFR 98.3%
WP AERZE 0.27~0.33mm;
B . ATAZAEEKE =10.16mm;
Sy L) PAE: WBIFRIE 05%, BTk pk R 2% f <0.15°, VRHEffi 2
T <0.02mm;
B AR TR A = 2.53mm
Eﬁé‘l%ﬁ# ﬁfﬁ% ﬁ!gﬁto}f* : I‘ETJ [fﬁf)”ﬂ%ﬂ]ﬁi%ﬁé = 003mm, Igj/l\é (ﬂﬂ%ﬁjﬁﬁé
=< 0.0Zmm
L. TR E R T = 0.67mm,  KlHER A 90%;
F G B =3.175mm, A2 0 0.099mm, -3 w2
ELEae BET 9 0.041mm;
sk L. RBNEHERG R 96.6%;
R HERR 89.9%~93.3%
EF WA RGBT IARER £ 5%;
5 Lok ARSI A = 0.12mm*, REEN 0.1mm;
| AT | s s 90%-95%:
N R PR RN 0.59mm, 7 EIRZEZHN 6.5%
2040 FESY SRR R EEA Dy T R BUE R 90%, 7Rk
Bk B FURG G b T R BUE R 70%, HERRR 95.45%:;

A PRI T BORG | JELEE < 0.5mm RIEBIRG . SE iR2E K

Smm, FHXTIRZE<5%

46 MiZEREEAR « 20214 644 5523 /72410]

(2) FREERR I ARSI o

FREER o BRI [ A 70k P Ao
PO — SRR RO R A RO A s —
SEMRALIE AR Ak REE
SEALRY RIS 2 2 RAL B R
e R B R BIIE, H AT R BT
FEIT 1) KA AL SEAG I AR 2
APl AR B BRI AR S
B HeaE AL BTG 1 18 T VA
XN, 2 B R SRS, R A
TR Z o FREEFR LA T Bk s T
FIRTEE R T TN ER A, X
SAETRCR G LR Al

(3) Zmah o Ak o

TRALSE B 2R T 73 ke T A
LA ASE 7 RS E AR AT
Kl MBIFTERRA , DA ARSI 5
UNSEZY: AU AT YRR & ST
BRIE BRI oK . TRHLSE B R T AR
37, JOHA 5wl T HE K 52 it
RO BE AR X A5/, SRR AL E T4
IR L TT

2 b YU RAILSE B e A I )
KPR, 1 TAL B R A I Y I
S RO AME TR R T AT
S HCRRE I R B G N 5 3 A1 B A
AE 3 14 4 J , Xof ARG )3 o7 P | 5
PR B REALSE DT IR I T R 2L
R ARZ AL ABIE SR J7 18] B e 1
A S AR AR T

ik
RHILSE B ik B G B A K Ji 2
SELUTE T ARZ NS R HR
W5 G RE AL K P B2 AT 2

WFFEHIR B, A H R REFE AR
ALz P AR K R SRR, KL
55¢ B R G A I 152 A 14 e J s 4 = 22
FPIELUT 34N J5TH .

(1) fig P RE B 2 B ks il
FEBATTE R R AR A
WMRZ BT R K SERIED) . BEE AL
Tolb B K, LS BT B
TSR, MM S APPSR et



Digital Detection ﬁ?‘kﬁm

B ZWRRS AR TT M R e, Ea
IR BTN IR AT 2R AL
S BOCH VTGS I A TR, (5
1T LR SRR ] BTN 3 T
FEAE AN BORHAA B, FR TR Z A7
WIE AR Z AR KRR LR A
BEXHIX G B B BRIEAS IN B AR IR AT
ST BL ., SoB— LR
BRI TOREE T, CHLS B R Y
il TEFORE M A, Ho 2 /bl
AT ZRCA R 10 2, AT
BRI A — SR AU R L . AR,
TR 2 AR HR R SRR
AR AT ol A ARG A A8
RIS SO Z A TSR 24
XRBRIR I BT X0 52 B R IR 2 IR
R AT DLARE

(2) ZFRR B AR & BoR 2
B, (ESE R BRFERI B
I ARAEAE NIV A R, i HoE
SIRAFAE—E B RAE, I Z e
HORTBUBRBEA 1 2248 BE T JE 52 A
DTS A EE 5 1, WAL oE -5 T A
IEARARZE & 8 U5 B A AR
FHBCE S5 o B P XGRS R 2R
FR4 o, AR T B R B i 2
NEZ LR Ak G iU SE R @ N A
pUIRGER Rz henet i VETi D) N I N S R )
FRHER I , B3R T — FBOARAGI S
JURRSHL 55— FRE AN 53 51 Lk
SR Z RN ARES ST

(3) & REAGHIN 1Y) 75 >R ok 5
Vlo B R AREE Xt il
AE AL ZERGBOR MR, RHLR I A 18
YRR S RE AL R R e
RHLSE B AU Al A 4 AR
HARK, FESCBR T h e A TSI
O AT AR AT . E M4
AR A T HLER N B BRI
S5 R GUBCE A DB AR S B BR B A I
B RERLIN SR BE R G T ISR R R
RHLSE B BRI Y 32 B R DT 18]

2 % X o

[1] XIA R, ZHAO J, ZHANG T, et al.

Detection method of manufacturing defects on
aircraft surface based on fringe projection[J].
International Journal for Light and Electron
Optics, 2020, 208: 164332.

[2] s, BN, R, L SR
FRBE I SR BRI BRI S g 5 (0],
e 224, 2018, 39(4): 47-58.

BAO Yan, DONG Zhigang, ZHU Xianglong,
et al. Review on support technology for mirror
milling of aircraft skin[J]. Acta Aeronautica et
Astronautica Sinica, 2018, 39(4): 47-58.

[3] LIUMB,LIBB,LIJT, et al. Smart
coating sensor applied in crack detection for
aircraft[J]. Applied Mechanics and Materials,
2013, 330: 383-388.

[4] FENG Z, MAO K, ZOU T, et al.
Discussion on airworthiness requirement of
widespread fatigue damage-safe-life methodology
or damage-tolerance methodology[J]. Procedia
Engineering, 2014, 80: 392-398.

[5] SKEHT, SRR, A . Jedb R
& e LS BEAR S5 R ERE IS (). R
2FHAR 2013(3): 23-26.

ZHANG Jingxin, GUO Peixin, BAI Jie.
Strength evaluation of advanced aluminum-
lithium fuselage panels[J]. Aeronautical Science
and Technology, 2013(3): 23-26.

[6] farsi, MK, AR RHL TR
L[ A 552 R P ARG St 1 A3 2k [,
FEIUEIN | 2020, 42(4): 31-35.

HE Xiao, YANG Pengfei, FAN Junling.
Identification of defect signals of ultrasonic
testing of aircraft secondary co-cured skin[J].
Nondestructive Testing, 2020, 42(4): 31-35.

(71 wfE, BHEK, £5 TR
R HLSE B B E0R [7). HHEEALAL T , 2019,
39(7): 2116-2120.

XUE Qian, LUO Qijun, WANG Yue.
Crack detection for aircraft skin based on image
analysis[J]. Journal of Computer Applications,
2019, 39(7): 2116-2120.

[8] %5, ARARUN . 210 Pl s AU S
AR 518 S RIS (7). LRSS
il , 2018(2): 162-164, 168.

LI Qiang, DU Fuzhou. Research on path
planning and motion control of omnidirectional
robot based on ant colony algorithm[J]. Machinery
Design & Manufacture, 2018(2): 162—164, 168.

[91 BRAKNI, B84, B2, 55 i
KB A e TG 12 2 Joy P A T B A 5 7 L7
B (3. i R | 2020, 63(3): 45-52.

KANG Yonggang, LI Chunsheng, CHEN
Xiduo, et al. Numerical modeling and simulation
analysis of local deformation for aircraft large-
walled panel assembly connection[J]. Aeronautical
Manufacturing Technology, 2020, 63(3): 45-52.

[10] &M, 25, a5 . Wig
RETC R B 22 3T S % 5K 0] A s RA
2013, 56(12): 81-84.

YUE Sheng, DAI Duobing, An Luling.
Analysis and countermeasure for out-of-tolerance
clearance in structural assembly of aircraft[J].
Aeronautical Manufacturing Technology, 2013,
56(12): 81-84.

[11] E5FW, SGEAR, B2, 55 . &
J 5% e L vk BRI A (0] AR 20 whik
2018, 37(4): 13-18.

WANG Shoucai, GUAN Zhidong, LI
Zengshan, et al. A study on the impact threat of
metal skin aircrafts[J]. Journal of Vibration and
Shock, 2018, 37(4): 13-18.

[12] WANG Y, LONG H. Summary and
analysis of the aging aircrafts’ failure[J]. Procedia
Engineering, 2011, 17: 303-309.

[13] KOSKI K, SILJANDER A,
BAECKSTROEM M, et al. Fatigue, residual
strength and non-destructive tests of an aging
aircraft’ s wing detail[J]. International Journal of
Fatigue, 2009, 31(6): 1089-1094.

[14] OKAFOR A, BHOGAPURAPU H.
Design and analysis of adhesively bonded thick
composite patch repair of corrosion grind-out and
cracks on 2024 T3 clad aluminum aging aircraft
structures[J]. Composite Structures, 2006, 76(1-2):
138-150.

[15] MUELLER E M, STARNES S,
STRICKLAND N, et al. The detection, inspection,
and failure analysis of a composite wing skin
defect on a tactical aircraft[J]. Composite
Structures, 2016, 145: 186-193.

[16] HASSAN M U, DANISH F,
YOUSUF W B, et al. Comparison of different
life distribution schemes for prediction of crack
propagation in an aircraft wing[J]. Engineering
Failure Analysis, 2019, 96: 241-254.

[177 UNDERHILL P R, KRAUSE T
W. Enhancing probability of detection and
analysis of bolt hole eddy current[J]. Journal of
Nondestructive Evaluation, 2011, 30(4): 237-245.

[18] YACOB F, SEMERE D, NORDGREN
E. Anomaly detection in skin model shapes using
machine learning classifiers[J]. The International
Journal of Advanced Manufacturing Technology,
2019, 105(9): 3677-3689.

[19] GEORGESON G. Trends in R&D
for nondestructive evaluation of in-service
aircraft[C]//5th International Symposium on NDT
in Aerospace. Singapore: Nanyang Press, 2013:
13-15.

[20] DEANE S, AVDELIDIS N P,
CASTANEDO C, et al. Application of NDT
thermographic imaging of aerospace structures[J].

20214F 556445 5523 72410 - HLAEEER 47



- . .
—— Ix oru

Infrared Physics & Technology, 2019, 97: 456—
460.

[21] E5E, HBLL, BRI, 5. K
PG B M58 S R TR A 77 B 5 ], L
TR0, 2018(3): 120-122.

WANG Xuehui, YANG Zhihong, SHI
Congcong, et al. Research on model reconstruction
of aircraft skin pit repair[J]. Mechanical Engineer,
2018(3): 120-122.

(221 AT B RATRHLIME M
P05 A S PEA (7], RATEHLBTH S5
2013(2): 60-63.

ZHOU Guangzhou. Dent damage inspection
and evaluation for boeing civil airplanes[J]. Civil
Aircraft Design & Research, 2013(2): 60—63.

[23] BT . WEr CHLHLE 52 e R
T (0] s 4E B 5 TR, 2014(6): 71-73.

YIN Yunxin. Analysis of fuselage skin
scribe line for boeing aircraft[J]. Aviation
Maintenance & Engineering, 2014(6): 71-73.

[24] KA. RAIHUIASE SRR A0 )
3T AL BT DR [J]. VUi as Bt
2018, 36(5): 3-7.

ZHANG Zhongbo. Study on stress analysis
and treatment of scratch on fuselage skin of
civil aircraft[J]. Journal of Xi’an Aeronautical
University, 2018, 36(5): 3-7.

[25] SIRT, Mk . BT ARICER
TRHLS B RIRAAG 734 9] AR
2007, 37(5): 32-34.

FENG Zhenyu, LIU Yongbo. Analysis
of scribe line damage in aircraft skin based on
FEM[J]. Aeronautical Computing Technique,
2007, 37(5): 32-34.

[26] ZERBST U, MADIA M, KLINGER
C, et al. Defects as a root cause of fatigue failure
of metallic components. III: Cavities, dents,
corrosion pits, scratches[J]. Engineering Failure
Analysis, 2019, 97: 759-776.

[27] FMEWG, FilH, Kb . HLE SR
0 T e S I B A IS S 43T (], TR PR
SRR EEM , 2019, 36(4): 69-76.

SUN Yanpeng, WANG Haiyan, ZHANG Chi.
Research and analysis of riveting quality detection
algorithm for fuselage skin[J]. Journal of Shenyang
Aerospace University, 2019, 36(4): 69-76.

(28] EIZ, XK, XMfsE, &5 . K
Fll B e 5 A 2 T B A DN 82 A A T D]
BERE B T RER2E2E4] |, 2020, 35(1): 15-21.

WANG Xiangdong, LIU Yongpo, LIU
Herong, et al. Overall design of surface quality
inspection equipment for large riveted shell[J].
Journal of Chengdu University of Information
Technology, 2020, 35(1): 15-21.

[29] WANG J H, WANG M R. Handheld
non-contact evaluation of fastener flushness and

countersink surface profiles using optical coherence
tomography[J]. Optics Communications, 2016,
371:206-212.

[30] XISFL, REl, 797, % . CHLE
(] P L ] SR ORG  Ja2 3 T 7 A S B B A
b 0] AL, 2019, 40(6): 1-8.

LIU Pingzheng, SONG Kai, NING Ning,
et al. Design and optimization of remote field
eddy current sensor for crack detection around
the hole of aircraft fasteners[J]. Chinese Journal
of Scientific Instrument, 2019, 40(6): 1-8.

[31] SIMPSON D L, BROOKS C L.
Tailoring the structural integrity process to meet
the challenges of aging aircraft[J]. International
Journal of Fatigue, 1999, 21: 1-14.

[32] PITT S, JONES R. Multiple-site and
widespread fatigue damage in aging aircraft[J].
Engineering Failure Analysis, 1997, 4(4): 237-257.

[33] REN K, GAO S, LIU P, et al.
Influence of environmental factors on corrosion
damage of aircraft structure[J]. Theoretical and
Applied Mechanics Letters, 2011, 1(6): 061004.

[34] LE M, KIM J, KIM S, et al.
Nondestructive evaluation algorithm of fatigue
cracks and far-side corrosion around a rivet
fastener in multi-layered structures[J]. Journal
of Mechanical Science and Technology, 2016,
30(9): 4205-4215.

[35] AL, TP . BETF B RS2
JE R AE SR IR (7], BHGER , 2011, 27(5):
716-719.

SHENG Min, WANG Congqing. Corrosion
feature of aircraft skin extraction algorithm
around the rivet[J]. Bulletin of Science and
Technology, 2011, 27(5): 716-719.

[36] PhEhAL, SRIBES, B HIE, 4L &
B BRI B A% ORGSR LRI 438 [0, AR
2324, 2013, 34(7): 1616-1626.

SUN lJingjing, ZHANG Xiaojing, GONG
Zhanfeng, et al. Failure mechanism study on
omega stringer debonding[J]. Acta Aeronautica
et Astronautica Sinica, 2013, 34(7): 1616-1626.

[37] ZEEIA, EME, 2R, % . AR
A7 T 1 R e % 2 R GRS S B ARG 0], 9K
Fe 5N T4k | 2010, 47(11): 89-94.

LI Huijuan, HUO Yan, CAI Liangxu, et
al. Honeycomb structures using different optical
testing methods[J]. Laser & Optoelectronics
Progress, 2010, 47(11): 89-94.

[38] HCE . ZEMEER IS
JBURS A ERE RIS (). LPAER AR, 2017,
34(4): 24-26.

MA Wenchang. Composite blade tip surface
debonding repair technology research[J]. Fiber
Composites, 2017, 34(4): 24-26.

[39] AUk, Ak . HAEI IR G 4%

48 MiZEME A - 20214 5 644 5523 /72410]

BE RS 5B ZH ARV 0] i
el 5 TR, 2016(2): 33-36.

DAI Xuegui, XIONG Lu. Research on
failure model and remediation technology for
aluminum honeycomb structure for a certain
type of aircraft[J]. Aviation Maintenance &
Engineering, 2016(2): 33-36.

[40] ZHOU Y, XU Y, LIU H, et al.
Debonding identification of Nomex honeycomb
sandwich structures based on the increased vibration
amplitude of debonded skin[J]. Composites Part B:
Engineering, 2020, 200: 108233.

[41] SATHYA P S, JAIN S, AUGUSTIN
M J, et al. Disbond detection and load estimation
on a composite test box using fiber bragg grating
sensors[J]. ISSS Journal of Micro and Smart
Systems, 2017, 6(1): 57-67.

[42] XIE Q, LU D, DU K, et al. Aircraft
skin rivet detection based on 3D point cloud via
multiple structures fitting[J]. Computer-Aided
Design, 2019, 120: 102805.

[43] XIE Q, LU D, HUANG A, et al.
RRCNet: Rivet region classification network
for rivet flush measurement based on 3—D point
cloud[J]. IEEE Transactions on Instrumentation
and Measurement, 2020, 70: 5003412.

[44] G, JIHE, FEFSN . RHLSE AN
He T LSRG R ST AL (0], A0S T
A, 2017, 60(6): 88-91.

JIANG Tao, FANG Hui, DONG Xiuli.
Construction of visual inspection system for
riveting quality of aircraft skin[J]. Aeronautical
Manufacturing Technology, 2017, 60(6): 88-91.

[45] WP, WIPHE, AREE, AL S
TRECIEUS A LT BBE U (],
ZIEIE I, 2007, 12(12): 2179-2183.

GAO Qingji, HU Dandan, NIU Guochen,
et al. Defect recognition of aircraft rivet based
on magento-optic image[J]. Journal of Image
and Graphics, 2007, 12(12): 2179-2183.

[46] LI B, WANG X, YANG H, et al.
Aircraft rivets defect recognition method based
on magneto-optical images[C]//IEEE Computer
Society, International Conference on Machine
Vision & Human-Machine Interface. Beijing:
Science Press, 2010, 788-791.

[47] BUCKLEY J M, SMITH R A,
SKRAMSTAD J A. Transient eddy currents for
aircraft structure inspection— An introduction[C]//
Proceedings of the 42nd Annual British Conference
on NDT. Sheffield: Pergamon Press, 2003: 11-40.

[48] SIEGEL M, GUNATILAKE P.
Remote inspection technologies for aircraft skin
inspection[C]//Proceedings of the 1997 IEEE
Workshop on Emergent Technologies and Virtual

Systems for Instrumentation and Measurement.



Digital Detection ﬁ?‘kﬁm

Niagara: Better Advance Press, 1997: 1-10.

[49] JANOVEC M, BUGAJ M, SMETANA
M. Eddy current array inspection of riveted
joints[J]. Transportation Research Procedia, 2019,
43: 48-56.

[50] R, AERSC. ZRUHEL )
BYAL A 28 i ik s A I (7], R
Tk , 2018, 13(1): 13-18.

LEI Meiling, FU Yuewen. Pulsed eddy
current detection of rivet hole cracks in multi-layer
metal riveting structure[J]. Failure Analysis and
Prevention, 2018, 13(1): 13—18.

[511 BAH, R, 77, % . WL
TR BR TR 14 28 375 i T A D K P Ak 53
B (1. fiias 24t 2020, 41(1): 271-281.

ZHAO Benyong, SONG Kai, NING Ning,
et al. Optimization and experimentation of remote
field eddy current testing probe for hidden defects
of aircraft riveting parts[J]. Acta Aeronautica et
Astronautica Sinica, 2020, 41(1): 271-281.

[52] FROMME P, SAYIR M B. Detection
of cracks at rivet holes using guided waves[J].
Ultrasonics, 2002, 40(1-8): 199-203.

[53] SCOCHL. EEA A A A S
FHNH AR BIBESE [D]. BUM - #2014,

ZHI Wengqi. Research on ultrasonic imaging
and testing technologies for fasteners[D].
Hangzhou: Zhejiang University, 2014.

[54] WANG C Q, WANG X F, ZHOU
X, et al. The aircraft skin crack inspection based
on different-source sensors and support vector
machines[J]. Journal of Nondestructive Evaluation,
2016, 35(3): 1-8.

[55] FITZPATRICK G L, THOME D K,
SKAUGSET R L, et al. Magneto-optic/eddy
current imaging of aging aircraft: A new NDI
technique[J]. Materials Evaluation, 1993, 51(12):
1402-1407.

[56] PARK U, FAN Y, UDPA L, et al.
Automated rivet inspection for aging aircraft
with magneto-optic imager[C]//10th International
Workshop on Electromagnetic Nondestructive
Evaluation. Los Angeles: ASME, 2004.

[577 DENG Y, LIU X, FAN Y, et al.
Characterization of magneto-optic imaging data
for aircraft inspection[J]. IEEE Transactions on
Magnetics, 2006, 42(10): 3228-3230.

[58] DENG Y, ZENG Z, TAMBURRINO
A, et al. Automatic classification of magneto-
optic image data for aircraft rivet inspection[J].
International Journal of Applied Electromagnetics
and Mechanics, 2007, 25(1-4): 375-382.

[S9] DENGY, LIU X, UDPA L. Magneto-
optic imaging for aircraft skins inspection: A
probability of detection study of simulated and

experimental image data[J]. IEEE Transactions on

Reliability, 2012, 61(4): 901-908.

[60] YUL,BIQ,IIY, et al. Vision based
in-process inspection for countersink in automated
drilling and riveting[J]. Precision Engineering,
2019, 58: 35-46.

[61] Mo, M, 2=l . LSRR
7 ) ORGSR I HARRIFTE [7]. A A
2020, 33(9): 35-41.

BI Chao, HAO Xue, LI Di. Study on vision
inspection technology for normal direction of
aircraft surfaces[J]. Chinese Journal of Sensors
and Actuators, 2020, 33(9): 35-41.

[62] PFARIM, AARY . BTG

CHLSE B X 48 W 22 55 TH) B 4 B R BIF ST (0]
iz B |, 2017, 60(5): 77-81.

XU Dashuai, DU Fuzhou. Research on
measurement technique of the stepped difference
and gap between aircraft skins based on linear
structural light[J]. Aeronautical Manufacturing
Technology, 2017, 60(5): 77-81.

[63] SV AT HOL R HE AL
2 T e 5 T v A 0 A K T (0], T A
2011, 31(5): 22-26.

WU Xingjiang. A portable laser instrmnent
for inspecting airplane assembly seam[J].
Metrology & Measurement Technology, 2011,
31(5): 22-26.

[64] JURC, WA, U, AF L IET =
HEBOCHI 1052 B SER B ST [7]. A2
WEHAR 2017, 60(10): 70-74, 78.

YAN Cheng, HUANG Xiang, LI Shuanggao,
et al. Research on detection of skin seam based on
3D laser scanning[J]. Aeronautical Manufacturing
Technology, 2017, 60(10): 7074, 78.

[65] BAAAMR, BAE, BT, 4 gk
TOUMB I 152 K S AR EARWST [1].
Mias il A | 2018, 61(5): 32-36, 50.

CHEN Songlin, XIA Renbo, ZHAO Jibin,
et al. Research on measurement technique of
flush and gap between aircraft skins based on
grating projection technology[J]. Aeronautical
Manufacturing Technology, 2018, 61(5): 32-36, 50.

[66] ki, FUWHR, M, 5. T
SVM 1Y = 4l X 4 il 2 [T BR B 2 42 A 3 (0],
fiias il He A | 2020, 63(7): 47-54.

ZHANG Bo, LI Shuanggao, HAO Long,
et al. Extraction method of gap and flush of
three-dimensional seam point clouds based
on SVM[J]. Aeronautical Manufacturing
Technology, 2020, 63(7): 47-54.

[67] E3OME, &, ®li o, % . ]
TRHLSE AR S LER AN 1 2B ER TV (D).
fiizs il A | 2021, 64(3): 76-82.

WANG Wenhui, HUANG Xiang, MENG
Yayun, et al. A mobile robot autonomous
tracking method for aircraft skin seam[J].

Aeronautical Manufacturing Technology, 2021,
64(3): 76-82.

[68] sKULRE , Z5if, ME TS, L BT
Bl e A——F A0 o5k 14 552 B X S AG: I R
WF9E [J]. TEHEA , 2018, 52(8): 121-126.

ZHANG Hongyao, LI Lun, ZHAO Jibin, et
al. Research on measurement technique of flush
and gap between aircraft skins based on robot—
3D laser scanner system[J]. Tool Engineering,
2018, 52(8): 121-126.

[69] FLARY, T, A0k . FET 2 UM
R LG AL B 22 5 S AR
7% [I. s il R | 2019, 62(8): 14-20.

DU Fuzhou, YU Hao, LI Qiang. Research
on gap and step difference automatic measurement
technology based on multi-source measurement
data fusion[J]. Aeronautical Manufacturing
Technology, 2019, 62(8): 14-20.

[70] P3, sRAEAR, K, 5. R
RHLEBNELI MRS AR H AN FHE [9].
W55k, 2011, 41(7): 718-723.

LUO Ying, ZHANG Deyin, PENG
Weidong, et al. Developments of active infrared
thermography and its applications in civil
aviation aircraft testing[J]. Laser & Infrared,
2011, 41(7): 718-723.

[71] THOMAS R L, HAN X Y, FAVRO
L D, et al. Thermal wave imaging of aircraft for
evaluation of disbonding and corrosion[C]//Presented
at 7th European Conference on Non-Destructive
Testing. Copenhagen: NDT, 1998: 126-130.

[72] GONG J, LIU J, QIN L, et al.
Investigation of carbon fiber reinforced polymer
(CFRP) sheet with subsurface defects inspection
using thermal-wave radar imaging (TWRI)
based on the multi-transform technique[J]. NDT
& E International, 2014, 62: 130-136.

[73] AKHLOUFI M A, GUYON Y,
CASTANEDO C 1, et al. Three-dimensional
thermography for non-destructive testing and
evaluation[J]. Quantitative Infrared Thermography
Journal, 2017, 14(1): 79-106.

[74] MENG X, WANG Y, LIU J, et
al. Nondestructive inspection of curved
clad composites with subsurface defects by
combination active thermography and three-
dimensional (3D) structural optical imaging[J].
Infrared Physics & Technology, 2019, 97: 424-431.

[75] W= &, WA MG
TRMILGE B R T RS e 4 T 438 (0]
KL, 2013, 33(3): 31-35.

TIAN Yunfei, CAO Zongjie. The analysis of
aging aircraft skin lap joint structure based on infrared
NDI[J]. Aircraft Design, 2013, 33(3): 31-35.

[76] ALLARD P H, LAVOIE J A,
FRASER J S. Improvement of aircraft mechanical

20214F 556445523 /2400 - RiAsiETEA 49



- . .
—— Ix oru

damage inspection with advanced 3D imaging
technologies[C]//5th International Symposium on
NDT in Aerospace. Singapore: NDT, 2013, 18: 12-13.

[77] BOUARFA S, DOGRU A, ARIZAR
R, et al. Towards automated aircraft maintenance
inspection. A use case of detecting aircraft dents
using Mask R-CNN[C]//AIAA Scitech 2020
Forum. New York: ASME, 2020: 0389.

[78] JOVANCEVIC I, PHAM H H, ORTEU
J J, et al. 3D point cloud analysis for detection and
characterization of defects on airplane exterior
surface[J]. Journal of Nondestructive Evaluation,
2017,36(4): 1-17.

[79] LIUZ, FORSYTH D S, MARINCAK
A. Automated rivet detection in the EOL image
for aircraft lap joints inspection[J]. NDT & E
International, 2006, 39(6): 441-448.

[80] % bk, B4 . LT M AR
W 19 TRAHLSE B A IR WIS (9] AR
2014, 33(5): 131-134.

LUO Yunlin, GENG Zhijun. Research
on detection technology for aircraft skin based
on ultrasonic phased array[J]. Measurement &
Control Technology, 2014, 33(5): 131-134.

[81] GAO F, WANG L, HUA J, et al.
Application of lamb wave and its coda waves to
disbond detection in an aeronautical honeycomb
composite sandwich[J]. Mechanical Systems
and Signal Processing, 2021, 146: 107063.

[82] CHONG S'Y, VICTOR ] J, TODD
M D. Full-field ultrasonic inspection for a
composite sandwich plate skin-core debonding
detection using laser-based ultrasonics[C]//
Health Monitoring of Structural and Biological
Systems 2017. New York: International Society
for Optics and Photonics, 2017: 1017007.

[83] JIN F, CHIANG F P. ESPI and
digital speckle correlation applied to inspection of
crevice corrosion on aging aircraft[J]. Research in
Nondestructive Evaluation, 1998, 10(2): 63-73.

[84] WU I, YU Z, WANG T, et al. Airplane
wing deformation and flight flutter detection
method by using three-dimensional speckle image
correlation technology[J]. Optics Image Science &
Vision, 2017, 34(6): 924-930.

[85] JIY,LIZ, LIUL, et al. A deformation
detection method for aircraft skin on uniform
pressure by using speckle image correlation
technology[J]. Measurement, 2020, 154: 107525.

[86] SCHMIDT D, BERNS K. Climbing
robots for maintenance and inspections of
vertical structures— A survey of design aspects
and technologies[J]. Robotics and Autonomous
Systems, 2013, 61(12): 1288-1305.

[87] TG, M, SERIT . KAL
SR AL N RGBS [J]. MLAsA | 2007,
29(5): 474478, 484.

XING Zhiwei, GAO Qingji, DANG

Changhe. A robot for defect inspection of aircraft
skin[J]. Robot, 2007, 29(5): 474478, 484.

[88] XU4r, EMPK, BEfl, . WhLs
PG ATLAR A3 1 ARSI S5/ [0, 45
il A, 2012, 19(3): 502-506, 518.

LIU Hong, WANG Congging, SHENG Min,
et al. Control and perceptual system of a climbing
robot in aircraft skin inspection[J]. Control
Engineering of China, 2012, 19(3): 502-506, 518.

[89] MR . CHLEE KA ML A BN
J12E i 5 SRS [D]. AT M A AS A
KR, 2019.

JIANG Junjun, Research on dynamic control
and experiment of an aircraft skin inspection
robot[D]. Nanjing: Nanjing University of
Aeronautics and Astronautics, 2019.

[90] S&BL. KHLEAFEISE AT
NS LT 5254 [D]. K - I R
K, 2020.

NIE Qi. Accuracy analysis and synthesis of
parallel mechanism used in aircraft composite
skin grinding[D]. Tianjin: Civil Aviation
University of China, 2020.

WIRESE : D, B, WL, BRSO 1
= A BRI OGRS
B o

Current Status and Prospect of Defect Detection of Aircraft Skin

LIU Fang', XIA Guisuo', WEN Zhihui', LI Zhe®, XU Qilin'
(1. Key Laboratory of Nondestructive Testing of the Ministry of Education, Nanchang Hangkong University,

Nanchang 330063, China;

2. AECC Shenyang Liming Aero-Engine Co., Ltd., Shenyang 110043, China)

[ABSTRACT]

In the process of aircraft assembly, uneven gaps and steps will be formed at the seams of the aircraft skin.

In addition, dents, cracks, corrosion and other defects will be produced in the skin during the service process. Due to these

defects, the strength of the skin will be weakened and the carrying capacity will be reduced, which will eventually affect

the aerodynamic performance of aircraft and endanger flight safety. The detection of aircraft skin defects accounted for a

large proportion in aircraft maintenance, consequently it is crucial for aircraft safety. This paper introduced seven common

defects of aircraft skin, and analyzed the causes, locations and hazards of these defects. On the basis of the location of these

defects, the defects were divided into three categories, and the development status of various kinds of detection technology

of skin defects was systematically described. The status quo of aircraft skin detection technology was summarized, and the

development prospect of skin defect detection was prospected.

Keywords: Aircraft skin; Defect; Detection; Information fusion; Intelligence
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