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Metal Matrix Aircraft Lofting Template Automatic Inspection Algorithm Based on

3D Laser Scanning
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2. Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

[ABSTRACT] Although digital manufacturing has become an inevitable trend, the lofting template will still play an
important role in aircraft manufacturing. Improving the productivity and quality of traditional mode is a subject that
requires careful study. Concerning the problems existing in lofting templates inspection, an automatic inspection algorithm
based on three-dimensional laser scanning is proposed. For the scribed line, the point cloud of the template is rasterized, the
scribed line is roughly extracted according to the height information, and the extraction result is refined by using normal
information according to the characteristics of the scribed line. For the shape contour, the edge is extracted from the binary
image converted from the point cloud. The result of extraction is registered with CAD digital model, the noise is removed,
and the error distribution is printed out by calculating the error between the digital model and the extraction result. The
experimental results demonstrate that the proposed method is superior to the existing algorithm in accuracy and efficiency,
which is more reliable and efficient than manual inspection. The proposed method has certain value of application in
practical engineering.
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Fig.1 Overall flow chart of automatic detection algorithm for metal based aviation mold line template

2.1.1 A& &AL

R T KRB AP b, T 5 A3, 2
MBI FRE R H i B B 1 BB, X S = A TR
5 XA o B = b 3, 1 el F oy
HT ( Principal component analysis, PCA ) 318 H R 1H 1. = )
3MHEIESC N E e, e, e fE TS B 1R
AR ZR Y 3 ANl S TR F I E AL, TN
ARG R e s A P A Ak
B, S R R 2 A XX YRR )
R, Horh X AR S BRI S 2 P=1{p), pyy s P}
HEFN ALY 3 xn WORERE, Hord n R i 5 PO s B B K
INFEAE AR I %ok 07 8 BT AR A 1) B ey 1 SRy R A A 2R 1)
Z, Wy w5 2 R R TR Y S AR ] 1 e,
e, YE0 Y, X, Bl ), it SRR SRR A bR R (X, T,
Z,) B Oy AEF T X,0,Y, ARG 5 mm AOHIE,
BRI R =R ZA R S 2, A 2 s o
212 Z&REZFRR

FEMRZN A FR I3 10 i 2= S AT i = & 3 (a) Al
(b) Fis, ZIL R o3 1Y 5 o AT AR AR R T, 2 DR AR AR 3R

2 iR RER S

Fig.2 Grids and local template surface point cloud

(a) A ZLRAER RN =

105 25 T AR AR AR A 50 DL — F I¥

FRRM R = Pr=1{py, P, Py B, B SEHG HAV T h

R Hb m ORI N SR S T HERR TR (b) ZIERAHAETRAY 2 ik

Y202 i = R TG B2, 3X HLR FH RS ALA A — 3k

4:( Random sample consensus, RANSAC ) &k ', 18 Iv o h oy
R N L N T P
— i po WHHRZ T F s SIS V-2 6] Y PR B A Ry i e o

FRRE (. f3 T M AT A 14 5 0 510 o b — P

B T ARG v 097160 S T 4 2 0049 R

{E v PRSI X F 2R A = DPii» 7% I EEAE hi Fig.3 Scribed line point cloud“(;\f local s;mple and its rough
Lk %%/jf\‘ ﬂ‘] extraction

98 Wit EA - 202345 66 55 41]



eI
RESEARCH Hltﬂtex

(P —Po) v
[v]

if v.v <0
h =
(P —py)V

[v]

H T AKX SRR = R s o 17
B R £, M T R s P — 8 py, A
IR R AR Ay /N THZIBIE, RO AT W2 5 s TR TR
R ZIZR 7 o

e 4 Fs, 2t B BRRID SR 2028 5 o 2
A SRR R = MR 2B TR R
SRy FCA RIS AY A R AN s DRI IR
MR, ATLUE Y, 204l rhif sl i R A e %)
Lol BRI R SRR T R e /o T
2P PRI 2 L 5, O T ) R Ay, THR R R
v, 5RO v 19IEfR ), J)

vj-v

(1)

otherwise

I"j = arccos

= (2)

N T B2 AR AL A5 2R, B — A i U8
BEL By, 1308 7> o) KU AR R B DAL S RO 2028
s, AR FEAT AR B 45 5 S TR
2.2 HEREERREN

ARIFEMRZN LGSR 25 b7 PR IBURE A (14 58 i A
o ARTCER T —Fh LT DU SRS B 35 0 B R 4
S BRI USSR 5 = 130 SR

TEFRGER) =4 i I S LS B, — e it
B PR IR R YA B AR
1 B (T DU A S 0 R B a4 T R
Bete, % R BRI 5 = B, XTI L 2
ROREOR o NS BDRE AR PN S8 6 5 BB, DR A

P Rty

";,’,Q/W//m\\\\-" "'///ffk\\\\.v

4 AERRMAREK

Fig.4 Scribed line fine extraction

Wi s R B = IR s e i
AT A £k, LIRS s 2 B F — a2 o R 1
g e U S e B [R5 18 25 3R A 05 25 1 25 ) 43
RR—F, Ry T A 23 (8] 50 FR 3T AR R I 38R A
[ PR UE T 38405, 7618 X0, Y, A8 7 1 DY SR
P ANIET 5 0 10 OB 2200 5 AR AL 0 IUA% RN, 9K
Ji X% 2 AT AR A A S i (R E
6 JE/N T HC R S AR UA R, AR BRI R

(1) V1 X,0,Y, I v S S P AR ARl 1 i e
I BE A DU SUR RS 0 90 0F 5 TE RIAR A 55 RS,
I HAE 8 55 0 = A B

(2) B iR B0 B 1E 5 T AR 24143 4 e 3o
WA, 5 75 TE T B0 RS oSO T 1, 4k sk
PEF BT A R DU SO A ER 1 D

(3) ERABWE (2), [FAstik I f—2 U XA T A
G & S BT 1 AR N, 24306 2 N>NI2 B 6
BURHFBATC A RS KA N S S A AL AR B K ds

(4) 161 X,0,Y, FAEIRIEE d OS24 A 1R
h ZAEAC MG FAR R 25 o T S U RIS R R
W OBHZAR R MEE 1, BNE 0,

(5) 0 ARG A 0 HE R, %GR AR
B 8 MERAEAE 5 UL BB 1 {ER R, W% 0 [HIE %
MR IR 1,

(6) IRBGL A T 15 %, 25 FZ A N0
MFEEME R MK AL A I G &R KA AR L AL &R,

'Q

C D EFG

5 MXRIREE
Fig.5 Diagram of quad-tree

e SEISUE Sl

(a) mimdmtisit (b) —{EfLKEIE (c) U R
E6 FHmZ_ELEGRKRRESRRN

Fig.6 Binary image of 2D points and contour points extraction

20234E 55664 5540 - RLATRIEEIA 99



‘_‘i.‘ »
Hl:%lﬁx RESEARCH

H 30 FUZR R AL SRR S = A ER R A
2.3 CAD ##E k3t

XFF FER &5 = R R B 2 e M R A5 2 W 8 S
FEM BT T B BT T LU AT, IS HAR 2200 41
BEEENEEIE . T R SHZE R, RIS e B
LB BCRAT I SEI 25 R S = 5 RS HE , B okt
M CAD BRISEOE 25 10k o — e 5iii i =, il H oy
MM R (X, Y, Z,) TR X,0,.Y, T, 8
T OB S S B , T BRSO S S A AR B B AL
B = BT Wt R R AR R (X, Yy, Z)
HSF-1 X,0,Y, 223 -1 X, 0, Y, 0 BRTFABFRAT 3
BRI 3 AR MG i = (X, Y, Z,), HEFARFR R
3 RXF R 3 AN FE i i = (X, Y, Zy ), AR
PR T, B

(3)

SRJE XS B AE R AR [ T AT e
BRBEAE R R = PR AR A (X, y, 2), Bl B T 5 Ak
AR TIEEREIR(X, Y, Z), e R A

X X
Y y
P Z (4)
1 1

BT SN &5 3 05 = Z A AR E R 0 LI
WA EE B 7 ) AR T T B IR 22 . O T RS HIOR
5 PR RE AT P 32 0 5 S 485 SR 557 2 A 06 oy S o R A 7
XoF 5%, I 38 B AT SRR S 2 S B S IR R S
AT . FERCHEZ IR TR Z AT IR R R A
K& 25T, R 22 B30 2 S 485 2 o5 2 v i e 7 o, O
PRI .

(D) IFEER, WS Rbas, b TR
W Af 5 2 (Point cloud library, PCL ) H i) /A X
P 3T SR 48 F A TR B B S T 5 S 45 SR
[25 Sl D)W E b O B v G JE N VA S i I O]
i 3 (0 REA B py, SAR BB A 2 5 S e B
B W EEE AT AR R R A, R B

(2) s ugmErs . X R R BB AT 2 mm S0
SR SVE R S g

(3) T E AVFAZEEE . RAEMZARER 2R, AR
LR RN AT AN ] iR 22 2R, FERE SR R AL I A VPR 22 R
£0.15 mm, HA A VFIRZE N £0.1 mm, Hi &R 8]
1E CAD BIS BB ST A5 .

100 i hEHAR - 20234E 55 6642 515 410]

(4) Bt At SR AT, IS BRI E 2,
B AR S0 N A BT R AR 2E SRV, [R)I
HEBRAEA /NGB 3 B 0 S BRI o T8 X T IO A
AORERR AR AL RO O, — MR B =0 Bl ], X EE %2
AUREMEAL , — BB 11=0.5, IR BT po i ey it
AT A 22 B n iR >0, (1-t1), AKX
LTUAATAE 22 o FEP m, DR B A B TR A 25 %
I A BE BSR4 SRR

i L DR S T SN A R = S ECHER) CAD
PSRRI = IR ZE T I AR G A S5 T BRI T . 72
XF BB ]I, AT AR RS 0 7 R 22 (AR R 22
oA @ ZE R DMEAIAS R rT A A B

3 HBRERE5SH

R XA ST B H BT A 4 T A S AR AR
LI B R AT R SRR A TR, AR SCE R T 2
HORTR RGT ) REUBE LA ARG Tl g ik . 2803 AT
S, SRR O A AR . S AEROEE IR AR
JNEK Creaform 23 w] B F-HEAFAHH {1 MetraSCAN 750
(K EE A 0.025 mm, B3l I 5y [ 0.2~6 m ). H44f
S G R a B S R WK K1 B = WAL w2 2 )
0.1 mm, PG AR R ERN S o I EE1T7E 19-10900
CPU .32GB WA PC HILL, A4 #4524 Windows10 #:
YEZ%: , #iFH Visual Studio 2019 ZiiAH XA 0HS

(&7 JT 73 SRy SR S 1 TLHRAE A 1 S0 i 2 5
Mo 4G 58 M S5 e B G4 . b, w5 Bt U8
{H t,=—0.03 mm . ff B3 U8 B{E B,=50 M & 25 SR 1]
VIR B, ff AR SCHE 08 7 72 AT DA 3580 S IR Al 20 45
FPI MR R s R I A BT, I S B i3 22 43 A 1 T 4k
JEIR o
31 S5WBEEEERXES R

R T BN A IR I 2R S AN e B
B [ X O A SR AT TR SRS B R X L, R B
A T) B s o AR AR i 2 AT 3K, DA A 1 e ] A
TSR AR ZEVE RN PE bR . X TR ZI 2k
FEPOCE IR, 1 2 ROBERRIEZE HE HUA 7 (Local surface
variation, LSV ' BEA7 X H s W T ARENUS 2 %6 B 45 H
AU, i FH Alpha-shapes 4 45 2 11 B4R U LU
PCL PSR 5 = i AR BRI A X L

N 8 T LI Y, H I 25 22 R RRAF 2R $RHUE
LSV 0] LIS A Al 25 T 5 i 2 4 35 4 AEL R TG 4
B 220 Ze i a5 R 25 SR AR 253K . AT 9 i,
e ERAS IR 43, Alpha-shapes 4 15 2 i AL HEERU LN
AR SCEAR AT LA b 58 BOFE AR SN S8 41, PCL (1)
AFRBAE I ZE Rty B — e WS



PN
RESEARCH HI:%&I

i 2%/mm
0.399

0.001

i 2%/mm
0.399

0.001

i 2%/mm
0.500

0.001

(a) FEfRIH R = (b) FeELSG 2ILARIRN (c) Kz q

7 HRAZEMRER
Fig.7 Template point cloud and test results

(a) ZIZA S = (b) LSVHA (¢) LSV refined&-%: (d) ASCH %
8 ZIZIREVHRIILE

Fig.8 Scribed line extraction result comparison

(a) WHAE S = (b) PCLE (¢) Alpha-shapesf s 7 (d) ztii%;?i%
B9 BZIRBEIR

Fig.9 Comparison of edge extraction result

20234E 35664 54 M0] - B BIEA 101



‘_‘i.‘ »
Hl:%lﬁx RESEARCH

®1 wUBEMNEST

MRS | FEfzEoE | ZIGERIRA: | SMBRIEAE
Ours Ours
Ours Alpha-shapes
S 1455202
Ours IHCIL,
LSV IRCIL
Ours Ours
Ours Alpha-shapes
S, 4930863
Ours KCIL,
LSV REH

Table 1 Accuracy and efficiency statistics

LA BE AR AT F RIS BE an e 1 iR, iR
UEIRES 28 SR A AT S, I rb B B (]34 A 7E [R]— 2855 T
RS WHTAREUA I8 . ARSI ) 5 T, AR SCH )
R PR EUA AT Alpha-shapes Fll PCL H A5 —E )
i, 2R SR U B3 LSV A B R 3, RGN iR 2%
T 1T, 3 R R 0 A A I 5 22 K 85 /0N i LSV A TG
RUERR P I 2, LA R 1R 25, TR ERG FE . i%
TRIRZE S FEH AR SCHE M AR 20 e A ) B 3 A
FEIL RIS SR BUAE , e B R R A T3
fbE . IFH X T RSEA 658 mm x 350 mm AYREZEFE
WS, i AL GE N T B A RGN Ty i , K6  i% RHRE Al
T B AT E]7E 300 s DAL, ff AR T 42 3 A 75 15 T DA
HILE 5s 254
3.2 5= iRMENNE LR 3T LIRS

R T B UEAR SCHE O R A R A3 A = A AR
MHEAL(CMM ) SASCR SRR S, EATA , Horp =
AR AR AR R AL R B 140 /NI 5 5 A T
i, a0 2 PO A R T A B (Z S REAR R
BE IR 2E ) o B 10 AN 5 el i 5 Ak i 45
5SRO IR 22X He 5 B 11 AR SO sl i 45 R
ARBRIN 2 SRR B AR AR ZE S

Wit EARREGES R 0] LI A SCUTHE B 4 T
LA A ARG I 32 EL A A v RS, REDRT = A Al A
I 455 TRl 2 43 A5 16£0.15 mm 1938 FBL DY, Wl JR A0 23 47
MEARAE T AR AN AR 2K, AL G T ARSI 3 B
CIETS

4 Zig
Sfide F R4 8 S R B A I AR AEAE 1]

AR SR T — A BRI 5 ik , (8 oG E =4
TSGR EORE AR 1 ) 1 25 8080, X T e 2 P e

102 i hEHAR - 20234E 55 6642 55 410]

ZILRARIURERT /s | SRRRHRIURERT /s | IRZETIARERT/s | IR (E/mm
13 0.5 0.054
13 3.0 0.058

0.1
1.3 5.2 0.053
2243 5.2 0330
3.4 1.2 0.064
3.4 9.8 0.065
02
3.4 17.2 0.068
291.4 17.3 0.350
0.6r  — cmm
05F — A5k
£ 04f
& 03F
K 02F
0.1}
0k | | h |

! 1 1 )
0 20 40 60 80 100 120 140
Wit 275
10 AXFHES CMM MIBERIREXTLL
Fig.10 Comparison of error distribution output by proposed
method and CMM

20 -
16
i 12 +
.L:[g
5 sl
4 -
0 1 il 1 1 1 1 1 1
-0.15 -0.10 -0.05 0 0.05 0.10 0.15 0.20
{22 /mm
(a) XhJrm
20 -
16 +
i 12 -
.ng
Z
4 -
-0.15 -0.10 -0.05 0 0.05 0.10 0.15 0.20
i 2%/mm
(b) Yihi7rm
B 11 AXFES CMM ME4RBEHRESIT

Fig.11 Statistics of relative deviation output by proposed method
and CMM



PN
RESEARCH Hltﬁbtei

fe il T TR UGS B 22 R IR 25 SR e A
(LGRS H N S B R 2 = iR QTP fof 8 walll L SRFAN
RS T AR INES R SRS R ) DR 2E T . X2
FAAN TR RS A 14 S T s A EE A s Mt SR
B AR SR R A SREAR LU AT S BAT — e L

B = ARSI 45 R LRI R B, A T
R ARG IR L oK, I BAERR B TGN
AR A AT BOW KA B RALRY A 2
16 A AN B DRAF S5 T AT B A B S

& % 3 o

(1] Bess, ks, R . B BoRTE R LR A rh (R
FHE 538 [C/ N R 2 2 T RS A S (B . e
AU A Dk AR, 2014

CHEN Liang, ZHANG Yunpeng, WU Haixia. Analysis an
application of the digital technology in the drilling template[C]//The sixth
Youth Science and Technology Forum of Chinese Society of Aeronautics
and Astronautics (Volume 1). Beijing: Aviation Industry Press, 2014.

[2] BRI . BEER ARSI PR B ATEOESE [1]. B
AR GH4 , 2016(8): 27-28.

ZHANG Shugqiu. The study on polyester film deformation in the
lofting-template technology[J]. Modern Manufacturing Technology and
Equipment, 2016(8): 27-28.

3] Pk . TR A R AR BT i 5 DU 42
D] BHEFEORAIHT , 2019(5): 23-24.

BAI Yane. Quality risk control of aircraft lofting-template design
based on digitization [J]. Scientific and Technological Innovation,
2019(5): 23-24.

[4] AN . TP R R 30 T AT ST (0], BHE A
5, 2017(28): 80-81.

MENG Xiangpeng. Research on test method of lofting-template
inspection based on specimen[J]. Technology Innovation and Application,
2017(28): 80-81.

[5] B, B TR . BT CHLREAR AR AE A B A2 A L
DPEBRTE (1], AU IR RS2, 2021, 53(3): 344-349.

ZHAO Anan, WANG Zhoutao, WANG Jun. Scanning path generation
based on aircraft panel features[J]. Journal of Nanjing University of
Aecronautics & Astronautics, 2021, 53(3): 344-349.

(6] J™, BOM, AU, AF | FET S HRBO G 105 AR RS
WIS (7. fizs il HA | 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): 70-74, 78.

(7] k—N, ARLL T X, AR FET 2R TR kLSS
J SRR s e O (7] HEHUB TRE | 2021, 32(22): 2724-2730, 2771.

ZHANG Yiming, LI Hongwei, ZHAO Anan, et al. Local scanning
point cloud localization of aircraft skins based on multi-descriptor voting[J].
China Mechanical Engineering, 2021, 32(22): 2724-2730, 2771.

[8] BRsvdr, ZRUESR , B0, 45 BTG AN LRI =
A A BRI Iy i [7]. G HR | 2019, 62(10): 51-57.

CHEN Yunquan, LI Shuanggao, HUANG Xiang, et al. Three-

dimensional automatic detection method for large-scale structure of aircraft
based on robot[J]. Aeronautical Manufacturing Technology, 2019, 62(10):
51-57.

[9] XIE Q, LU D N, DU K P, et al. Aircraft skin rivet detection
based on 3D point cloud via multiple structures fitting[J]. Computer-
Aided Design, 2020, 120: 102805.

[10] LONG K, XIE Q, LU D N, et al. Aircraft skin gap and flush
measurement based on seam region extraction from 3D point cloud[J].
Measurement, 2021, 176: 109169.

[11] XIE Q, LU D N, HUANG AY, et al. RRCNet: Rivet region
classification network for rivet flush measurement based on 3-D point
cloud[J]. IEEE Transactions on Instrumentation and Measurement, 2021,
70: 1-12.

[12] SCHNABEL R, WAHL R, KLEIN R. Efficient RANSAC for
point-cloud shape detection[J]. Computer Graphics Forum, 2007, 26(2):
214-226.

[13] PhBRAL , JERSSG , 250 . HOELEEE /= i SRR AE 1 i
HUAEE (7] AR R 22530 ( AARRRERR ), 2008, 36(8): 82-84.

SUN Dianzhu, FAN Zhixian, LI Yanrui. Automatic extraction
of boundary characteristic from scatter data[J]. Journal of Huazhong
University of Science and Technology (Nature Science Edition), 2008,
36(8): 82-84.

[14] BRXA~, -5, ik, & PGk BELE s 5
FRIE S PRHGE (0] TP HL TR S |, 2012, 48(23): 177180, 190.

CHEN Yiren, WANG Yibin, PENG Zhangjie, et al. Improved
algorithm for extraction of boundary characteristic point from scattered
point cloud[J]. Computer Engineering and Applications, 2012, 48(23):
177-180, 190.

[15] LS5, FRoK , ARIELE . BT R AR S HL i 1l =5
Pl A BRI (7], HUBRR: SHOR | 2004, 23(8): 912-915.

HE Meifang, ZHOU Laishui, ZHU Yanjuan. A method for automatic
edge extraction of point data based on local base surface parameterization[J].
Mechanical Science and Technology, 2004, 23(8): 912-915.

[16] FEsk%, JrJy . FETIAA BTl 2 S B R AR AR A (1],
G244 (AARBIERR ), 2014, 42(11): 1738-1743.

CHENG Xiaojun, FANG Fang. Morphology-based scattered
point cloud contour extraction[J]. Journal of Tongji University (Natural
Science), 2014, 42(11): 1738-1743.

[17] B, BRS7, FUEMS , 45 . A& R o-shapes Il & 234
FEEHOT I 0] KIPELT R4 ((F AR, 2019, 16(2): 15-21.

LIAO Zhongping, CHEN Li, BAI Huipeng, et al. Adaptive Alpha-
shapes plane point cloud boundary extraction method[J]. Journal of
Changsha University of Science & Technology (Natural Science), 2019,
16(2): 15-21.

[18] CHEN H H, HUANG Y R, XIE Q, et al. Multiscale feature
line extraction from raw point clouds based on local surface variation and
anisotropic contraction[J]. IEEE Transactions on Automation Science and
Engineering, 2022, 19(2): 1003-1016.

[19] EDELSBRUNNER H, MUCKE E P. Three-dimensional
alpha shapes[J]. ACM Transactions on Graphics, 1994, 13(1): 43-72.

BIES : TR, 2%, WL, D505 B AR
(Vi & R)

20234E 5566 5 S 4M] - HLAETIEEIA 103



