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Fig.9 Structural composition of typical composite outer wing box
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Fig.13 Deformation simulation analysis of the typical composite outer wing box during assembly
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Fig.14 Digital measurement planning for the manufacturing process of typical composite outer wing box
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Fig.15 Reconstruction model of key characteristics for typical composite outer wing box based on measured data
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Fig.18 Typical composite outer wing box after assembly

(a) X5l R3m

B 19 R ETEESIING

=Y T A2 By M R BC i R
ARTE BT SR T L v
JE R O MR A5 T 3k O R A
AL B TR S5k e A m e
RERAC MBI ARME SR . B R TS
VRN it B A BT SR A, A
TE 1] 2 Al X 9 A 14 S BRI AR L T
ERFENTE Y EC BT R R R
3] 35 T SN RS T 3 B e A
(R R OO S B IR et R
MO HAE B X

(2) TFJR T BT 150 1 4 ) 3
SURENINEZLESP S i LS X (R AV ISR
FFAE A5 25 SO0 0 R A | S G
RS B S B A T o0 A ik
BRIk, 4R RU], AR R 7
ESN SRS RiE TR G
ART7 ¥ T LA RO 2 S0 G Bl
B R e BE RSN 2 T 0 40
TR AR IO B 2R 5 BE A 2 18] F) ¢ T
A B BT, A S5 400 2 IR A 7 it
WA SE A S AR A B R T
S TR B, AR T2
FHESHAE LA 500 457, B35 42
THTRRSFE b LK a5
BCAMENE I 5 A i, R E %
P2 AL R A I 4R 3t T R
FE

B A2 B AR I A
PERE S DL Y 52 5 BRE 22 BN 3
JS7 P 30 2% S 25 R A5 09 e - i
t, BE MR S5 B X 24

(b) T 31

Fig.19 Aerodynamic shape of upper/lower wing surface of the test article

2024486716 - it RIEHAR 29



L Hi

FEATURE

(NS &5 P S YN & JIE S
Fict B R ) A0, 2 R R A2 2%, An Ty
A ) OR TR AR B Y i
HLVEH AR B E RE e
BebE 1T 28 vk, T & R A
T HARAE R EH AR D7 b,
A H R R T A UL R 51 TR )
R, T 1) R LB T % e AR
KT oK ARSI L) — 3
LA ISP SR ELE 5T
FEE S bR A e
PUBERSE LA A E I N, 3SR
DI e bR s B S A SR R T
B B RS R K R AL
W 7R ) G AR B Ak v T B L P
WEARTESER, FFEHEEET
MBSE 2% it 1 g 07 B30 iEH2 R g
T 5 S AT & AW TH R BB
— AR KA CALE A BRGS0 1 2% i
FARIK , LRI ST 25 245 11 = 1]
K Ay ERE S E ARSI
RS

& % o

[1] Feng, BEE, SRR, S E S
MR SRR 5 TP R SR [J]. s
1, 2021, 42(10): 48-66.

CHENG Hui, FAN Xintian, XU Guanhua,
et al. State of the art of precise interference-
fit technology for composite structures in
aircraft[J]. Acta Aeronautica et Astronautica
Sinica, 2021, 42(10): 48-66.

[2] EfE CHEHEE GRS I
IS E AR T BUR 5 K e []. iz ik
K, 2018, 61(7): 26-33.

WANG Hua. Advanced composite part
assembly: A survey of methodologies and
practices[J]. Aeronautical Manufacturing
Technology, 2018, 61(7): 26-33.

[3] =Bt 4FJr, K, 45 R
R IC MR T B OFTE [CLAS /i Hh R
23 E ORI IRIE . dbat: E A
%43, 2018,

GUO Feiyan, ZOU Fang, LI Zhixin, et al.
Controlling on the consistency of accumulated
assembly errors under digital manufacturing
environment for aircraft[C]//Proceedings of 8th
Chinese Society of Aeronautics and Astronautics

30 MisshiEEEA - 202445 678 B 1610]

Youth Science and Technology Forum.
Beijing: Chinese Society of Aeronautics and
Astronautics, 2018.

[4] ZATE EWAR, 2R, HIES
ARS8 D TC R 1 R BE 7 B I 9E 5 1o e
[3]. finzs il i+ AR, 2017, 60(9): 30-34.

LI Dongsheng, ZHAI Yunong, LI
Xiaogiang. Research and application advances
of stress-less assembly methods for composite
airframe[J]. Aeronautical Manufacturing
Technology, 2017, 60(9): 30-34.

[5] KA. CHLE A AR R
BHRANEARBA[D]. Fat: m st i
KR2, 2019.

ZHANG Qiuyue. Optimization of assembly
compression force and layout of aircraft
composite structure[D]. Nanjing: Nanjing
University of Aeronautics and Astronautics,
2019.

[6] JEIR—. H:TM G e 2
BERCH ARSI HI[D]. L FH: LB iR R,
2019.

ZHOU Tianyi. Analysis of vertical tail
assembly technology of composite materials
based on measurement[D]. Shenyang: Shenyang
Aerospace University, 2019.

[7] FE#%. HEBE GBI 4E5
TR BEVR2E RS IC O 22 3 [D]. w9 a0 m at i
SRR, 2017,

WANG Yan. Analysis of assembly
deviation considering fiber placement angle error
of composite flexible parts[D]. Nanjing: Nanjing
University of Aeronautics and Astronautics,
2017.

[8] JEIASR. ) Il 38l 2 119 52 A
THRERERE LA 2203 W 7 9 [D]. Ll FiE
AZIE KA, 2019.

ZHOU Menggian. Research on tolerance
analysis method of composite elevator assembly
oriented to rebound deviation[D]. Shanghai:
Shanghai Jiao Tong University, 2019.

[O]  XBrl BH. BT RE S ) S MR T Y
BRSPBLIT R N T[D]. i il
K##, 2018.

DENG Xiangyang. Modeling and
application of tolerance and differential fitting
method for flexible assembly of large thin-
walled structures[D]. Shanghai: Shanghai Jiao
Tong University, 2018.

[10] ZEx 5. RINHREL ISR 253
PR A PERTSE[D]. bl BiEsSE R
2%, 2019,

LI Yunyong. Modeling and characteristic
of deviation field propagation for the assembly
of large thin-walled structures[D]. Shanghai:
Shanghai Jiao Tong University, 2019.

[11]  J3APA. TCHLR PR A O 22 430
RYGMFE SHF LD, M at: mE A i KK
2%, 2018.

SU Chengyang. Research and development
of assembly deviation analysis system for
aircraft flexible parts[D]. Nanjing: Nanjing
University of Aeronautics and Astronautics,
2018.

[12] ik, ke, BN WA
o S P T i 22 20 A 5 s S R (D).
Wiz HilER AR, 2021, 64(4): 30-37.

YANG Haoran, AN Luling, LI Xueting.
Research progress on analysis and control of
assembly deviation of flexible parts in aircraft
structures[J]. Aeronautical Manufacturing
Technology, 2021, 64(4): 30-37.

[13] B FETT-Maph) CHLER 2
XML 22 R S H AT [D). M B 12
7S K, 2018.

XIAO Huan. Tolerance modeling and
coordination analysis of intersection docking
assembly of aircraft components based on T—
Map[D]. Nanchang: Nanchang Hangkong
University, 2018.

[14] 9K3E. BT Bog fAMERY RIS
PEPFRETC i 22 75 7715 [D). B AL R Btz A
KKz, 2017.

ZHANG Wei. Control method of assembly
deviation of aircraft flexible parts based on
fixture positioning compensation[D]. Nanjing:
Nanjing University of Aeronautics and
Astronautics, 2017.

[15] BRMS. BT =Ry e A
R TR AT S [D]. FEat: m At R R
2%, 2014,

HE Peng. Research on key characteristics
construction and visualization based on three-
dimensional digital model[D]. Nanjing: Nanjing
University of Aeronautics and Astronautics,
2014.

[16] MBI, WHAOAR, XBIEF, 45 BT
T 2o e 1) S SRR P U 5 ) O 2 5],
fiiizs il xR, 2016, 59(8): 56-59.

ZHAO Shuang, XIE Shilin, DENG
Zhengping, et al. Research on key
characteristics identifying and controlling
method based assembly process[J]. Aeronautical
Manufacturing Technology, 2016, 59(8): 56-59.



o DL
L
FEATURE "

[17] 48, B, TH, 5% ETH A
B RL A £ AR DR 544 Bk 0], WL
FKEEZAR (T 24 MT), 2021, 55(5): 905-916.

CAIl Jun, ZHAO Gang, YU Yong, et al. A
rapid reconstruction method of simulation model
based on point cloud and design model[J].
Journal of Zhejiang University (Engineering
Science), 2021, 55(5): 905-916.

[18] Bl WHLAMECILATREAE =4k &
PRI R A ARBFFE[D]. Mt B st as iRk
2%, 2020.

MAO Zhe. Research on the construction
technology of three-dimensional measurement
model of aircraft assembly geometric
characteristics[D]. Nanjing: Nanjing University
of Aeronautics and Astronautics, 2020.

[19] Z=Binh. JET R A (i 5 b
MRBERR S M H AR BISE[D]. B M AL AR
K2, 2017.

L1 Xiankun. Research on positioning
technology of composite integral wallboard
based on digital measurement[D]. Nanjing:
Nanjing University of Aeronautics and
Astronautics, 2017.

[20] 2 HAh, Mgrh S T E K Y

MBI BB R [3]. s il R,
2013, 53(20): 99-102, 108.

LUO Zhenwei, MEI Zhongyi. Aircraft
digital preassembly technology based on
measured data[J]. Aeronautical Manufacturing
Technology, 2013, 53(20): 99-102, 108.

[21] MUELANER J, MAROPOULOS
P. Design for measurement assisted determinate
assembly (MADA) of large composite
structures[J]. Journal of the Coordinate
Metrology Systems Conference, 2010, 5(2):
18-25.

[22] MAROPOULOS P G, MUELANER
J E, SUMMERS M D, et al. A new paradigm
in large-scale assembly—Research priorities
in measurement assisted assembly[J]. The
International Journal of Advanced Manufacturing
Technology, 2014, 70(1): 621-633.

[23] YANGY,JINY, PRICE M, et al. Gap
volume prediction for aircraft wing assembly[J].
Procedia Manufacturing, 2021, 54: 227-232.

[24] SMITH J. Concept development
of an automated shim cell for F-35 forward
fuselage outer mold line control[D].
Menomonie: University of Wisconsin-Stout,

2011.

[25] ARISTA R, FALGARONE H.
Flexible best fit assembly of large aircraft
components. airbus A350 XWB case study[C]//
Proceedings of IFIP International Conference
on Product Lifecycle Management. Cham:
Springer, 2017.

[26] SEWLA. KL CE] B P I K KL
FAIMEIMELRBIFE[D]. HUH: WL,
2017.

DOU Yadong. Research on aircraft
assembly clearance coordination and digital
pad compensation technology[D]. Hangzhou:
Zhejiang University, 2017.

271 5%, WS X4, S 2 A
st B AR A e R 5k RS B B [9].
ML FR 4, 2021, 27(2): 617-630.

Y1 Yang, FENG Jindan, LIU Jinshan, et
al. Model expression and accuracy prediction
method of digital twin-based assembly for
complex products[J]. Computer Integrated
Manufacturing Systems, 2021, 27(2): 617-630.

BIRAEE L2, W0 A R P TR, BF
FEIT 18] RIS RHUEC A G R

Research and Application of Digital High Performance Assembly Coordination
Technology for Aircraft Composite Main Bearing Structure

YANG Yapeng"?, ZHAO An’an‘, DU Kunpeng', PENG Yun', LI You', GUO Feiyan’
(1. AVIC Xi’an Aircraft Industry Group Company Ltd., Xi’an 710089, China;
2. Zhejiang University, Hangzhou 310058, China;
3. University of Science and Technology Beijing, Beijing 100083, China)

[ABSTRACT]

In order to meet the requirements of high-precision, low-damage, low-stress assembly performance

and technical indicators of the composite main bearing structure of the new-generation large aircraft, this paper takes the
coupling analysis and control of various key features of the product as the design clue, takes the engineering application
research as the main line, and systematically expounds the digital high-performance assembly coordination technical
system with key feature identification, tolerance simulation analysis, deformation prediction in assembly process, pre-
assembly analysis of measured data and high-precision assembly compensation as the main technical paths. Taking the
assembly of a typical composite outer wing box as the object, the above method is applied to a complete whole-process
engineering application research and experimental verification, which solves the problems of assembly coordination and
product compensation strategy design of the composite outer wing box components. The product assembly quality meets
the design requirements.
Keywords: Composite main bearing structure; Aircraft assembly coordination; Assembly key characteristic;
Three-dimensional process tolerance; Deformation in assembly process; Digital pre-assembly analysis
(Dt # %)

20244655678 16 1] - Wit RER A 31



A N 7 8
fi‘l‘iﬁixﬁ COVER STORY

FIXAK: FCH, KA, H2 kK, F. @ ALK R A L DELTHG S IRBIE R 5 e i B [J]. AL € K, 2024,

67(16): 32-45.

GUO Feiyan, ZHANG Shuo, SU Andong, et al. Multi-source data perception and fusion application technology for virtual

operation of helicopter assembly production line[J]. Aeronautical Manufacturing Technology, 2024, 67(16): 32—45.

H R EFHLRE £ /R EPLETR

ZiRE:

R

2

BERANSHESMARK

B RRE KBRS, KR, H5R 5

(1. A FKAH K5, b7 100083;

2. P EALE H B ABAIE, L 100024,
3ME TG TR (R A) A FRFTAEA ], 1244 333002)

[f% ]

Ao H IR LA F R P A KIE RRE S R X R — A R FARE B, B UE Bk KA AT

AP L REIERI G AR B A B ARBATH R . B, AT EIEBAITPN S RMIE RIS ak AR N iE R AR
AER, LIEE PR L REIERE ZAME. S REIERBRSBEAME KT L RUFESHT TN E, AR EFEX S
RBAEHT B R BEH s FoR, RRAREACE) £ = IR K T ARG 35 X 3R 5 KT £ REIEG R WA 7 %, A ETRE
B 5 2% % RBIE B 5 g O TATH MR 75, 35, Mk LR B REA F L EEITRESH ZEE KRS
Woom) o K Be R BRI oy @ e A B, A BT AUE R A AR F R A ML E IS BB AT R R A R R

KR AAMERA T X, $RFMIE, HIERE, RS, HIELE SR
DOI: 10.16080/j.issn1671-833x.2024.16.032

BRI
B, L, MRAEAMEMR
R IR EER A,

32 Wiss G A - 202445 678 B 1610]

Bt b S 20257 (A4ES),
DI Tl 4.0 B Re il i i RRat &
AL R R E R AL M5 Bk
DL S WN i R (=5 S ] K s
RYGE BRI BB P Al e
Bt T 20 3R DA — 5 it 3 2 454~ T
O, FLIa) & TR 5 AL S8 i3,
T 2 4 T A S I B 5 A B 7 i
TS CHLEE A P B T
TR [ TR SRRy A —
FERE FAARUE T ST %) e 1 A0 v
PEo (R, BE T  EFHHLTE R
BT, Al TG $ e 2 P AE 7 50 )
WEYIFR . Bk, Seit i) LBk
RO A PR 2B R, KR
WAl AR RE T 2 45 S8
FEHARG, MTALHLEE A B e
figs X A s EIHLAE  RIR S T
TRHLAY S BE PR AR B,

IERy RN I RG] N (Rl
1 Jei e R I SRR A 7R Tl AR
7 AB R RCR AT B A 5 T R A%
HEEAER. il AT 55 1w
2R Rl —ELTHHIL™ f >R FH 2 F 7
B, 7 i B R ] A
B BA LIS S A R R
P ERHIE , A B 22Nt
AR PRI, AR T [ 3L,
FLTHLA il 3 18 HAT B I R] 2
PRI L AR = A A, R T ™ 2
i HA R SR A S K, A
o, 72 U B C 25 1 AN [R] S A i
AT B SR B A At BAT
AR 0 7w IS R RN, ELTTAL
(R TS AN 22, M DL B 2 A i 3 A
2, S E A 7 B A B A R AR K
AR B, B B R T A
AR T RS R S T b



A
COVER STORY iﬂ‘ﬁx?‘

£ P - Y3 R 45 Cyber physical
systems, CPS ) 550224 M & A i
T e I BB BE AT i A
P17 ] oA B LR e AR PR e
TR DL LS A e A A
TN LA LA = ) = ks A T
DAl AR S F R i T AR T
SR R ek 58 B
A PR i BB AT e — R a1
MBI AT BT B, 7R SR =
FEUR Z B Az = A T Ak AN
IUEREEAR , BETE M FUPABE p S AE
PR A = B I £ BORAS , AT R
R IRV AE 022 AR BRI AR PR,
RS BR AR 7= o o B Al B A % T
T AN R A XU B2, e LT
MU A PR s f T RE v, 5 Ak
2 AN R AN () 45 e A T35 25 5 AR
W, L A P g a5 e Bl HE
PHREZE SR Wi (R S R
SR TR T S8 T &5
RAEZWSAEE . PR R R
5 PP TR A R AR R L
AT R R AN g — %
[m) /8, S B Al A RCRAR EE LY
AR A GBI R NG B ER 7
SRR A R R R, HE LA
LA B LRSI SR
AR i A R EE SR R,
AT RIS B B T R A
FEI I, F L R B =2k 1 i fliz
TR, Fxt 13 225 S A B3 1) Je%
HIFIRL A AR TS
TEP= B R AR T 1, Y%
Z IR R AR I 8 E KHL3E Bl 4
BEA LR, IR E % TR
A R oy B W LB U OFA e 44
48] B4 it EUCHE 325 U 44 S COM
TR, SCE T X CMLBE AR P ik
BT S HEIRES M SR
— R AE; Guo 45 U gE A BESI K 2k 4
ey T2 RE AR U5 s A M T
F£T OPC UA i B4 51 K 28 B i it 72
R, D) K OPC UA RS54 5%
IRETTVEIE STEERSS IS g Ry

BRI ; Fazlollahtabar™ 754165
WF- £ b & 3T SCADA B4 fig
RS, Ret A r i s iz 1k
BT LSBT R AT HAE i
B 2 , ST EE R AR AR, LA
KOOt H LR R G T T AR & A
5 T4 U 5 OPC (OLE for
process control ) 5 AR K Zidli i, X%
ML A shib e Fe A F= e i I i &5 1
ST SR LT A Al
AR T I AR, R AR
7Lk 1 B AR I D KRS 2 MES &
40 1 5 BT ke SRR BE s TR
HE BV T A SRR L TP LR
BAEPLIR  PLC 4525 & 09 B s R 4R
5 PREG A B R A A% 1 £
P %57 %, 31 F] A Photon Server
MVC HE B2 55 B AR BEXPETT & 1%
P AR S5 e, B T B (R e — 4
5 A PR A% )%2% \RFID ( Radio
frequency identification ) %5 T\l # Bk
WAL B =i B gt A
ARG SN T /N TR B 0 1 Y Al
AR ] A 7 S B I S s
KA H IR ST/ TR o e
TP R L b5, LA SR X ELTHIL
) 45 FE AR i JUT ol FH 1) 22 S R e
BLis &, LLANAIL B SRR 8215 45 (5L
COBVET B E A A SR A S
B 38 HI T 2280 2R T o e A
BATT KB R RE IR A 2L
BoHE g s AL e T TR I T e 55,
B THHL O B e e A R 1) S o A
MELIRE 78 7R AR RS TP R A
FRAESFIMG LT KA MELL S g A~
FELRIBA TR R A ELSORAS

FEF= S ZVRE A Rl G 7 T, 4
FAHR AT A TE R I T AR 15 XA
TR AT BRE A& 1B ). Bao
i LA SR it e R i 3 A R 01k
Rl — A HEAL T 25 B 1
HH LT A A Y 2 P T R R 2 T o
YRR 1%, B e 26 o] 205 S A 55
o PR L T AR AR T OWL H A
(T8 SRR J7 % 5 Zhao %5 P2 71 Hy

HARRET , BT T 2B B 2 4%
HAR BRI SR B RRAE , I AT etk
149 X 1) K 2 B A2 R 2 e Rt R R
P25 N 2 TC 1L ARAE R R SCAH 6
SRR SEEE T 2R AR A
AR A S 0B ] 55 Wen 25 P91
i oo s e R R A I T2 T
WA IR A PR RE ) BRAE SRR
BRI ERT S5 BT, 12
ST ) T2 AR R AT AR AR, AR
A e AR AT R G B T A
T T AR R 3 5 5275 i 2 P4
B R BEHLH = a4 A RN B
PACTER NP2 A4 iU IRl € d
FEIE SR, BT T 3T B R
J7 A L ) S AR G 22 1A il U
R FIEE T (5 B 5 — B 1R
P2 S o 2 W R b e T
BLis T AR S 2844 0 prt (1)
= Y TR 5 v S IR AR
TS AR U] A ] O 2R Ak
DL R AR A R A AR e it
B AE A BB 2 b A A
FHOE P AL H AT Be= g r e
S YA AR f [ R 3 5 ) 2%
P I ) R B O RN,
P M — o A R ) S A AR AR Y
[0TEDM. L5 X T =g
BRSO RS R, I peug it
AR (E e o2 R A A 2
I X AR B LS B A = 2kiE
FHPEA BRI £ 55 BT ™2
22V HE () T2 A A, LA B B
B — B B P LRAs T B
FE 7= 22 VA 43 M A B 5 T
Tian®™ R EET A W2 L Aot
T — K O 2 W 2 06 i FE
PEIEATHRAESEI, R X £k A
e WAL RN e B R A (. eV a
FIH T 205 54845 B A A DG e
AP, SN RIS Z ) 0 £ 8 4t
LRI AN, A 1 52 Nk B 12 AT
%3 Ren 45 P45 — g A i, F7 170
far S BOME T [ 38 10 4 R
UK 7k, R O s i v 5

20244655678 M 16M] - Bt RER AR 33



A N 7 8
iﬂ‘m—jx?‘ COVER STORY

TR A A AR LA SR, Sy T 4
TR LU R T 0k, S
X v 3 87 A 22 5 S A B 42 4 A
TR 5 K AR 1200 AR Ao 4% 2 I
BN B T i 55 AR 2 R
AR BoR AR, BT L A
PR BMERRR S S P s T Al S,
A e A BT A R) R, S AR
PR S R s
Pl 1 LT SR ) BEAILR T2 AR
FIURG BE TR AR | %R A 1) K e i
Jo SRS BEA T 3 A T, S B
N T2 2R 58 4 SR IO g oy 74 3 T St
U A A2 R TR PR TN 5 =
A T T IR A ) A R T R o
PN 2 e e A e P AR Y ]
I 2R P A O 2 H B P
) AL B G BRI J ) A i
PR Feetiess B R R T e Hh iR ik
W BN 5 REEL IR R G, 3l 2 A i
BT AT SEIE TR AIR A
I i e, B g 80 5 M TR R AR
HERB A . BRI, FRTOG T 22U
S AT BT A S LTI P
AL B A B FPPEARAE LI 25
A% 2R T Ao R 1) B ) B 23 A 15
IAETY, Xof I 2k B B BT ™ g T
AT AR5 MR AR RE SR AR 1Y
TR SIS EAAL

BEXT AL A0S, A SCE b T BT
BILAE L A 7 4k 22 DR IR 5
JOEFHEEA B4 N T8 S HA B HE R,
MRETC AR 7 4k 22 TR R AR R Ge
& ZBE RS TR S Z IR
a3 A AR L S5 7 T A BRI T
RS s T A e Lo
ARSI B0 78 (0 DR A i e
e o £ 125 7 T P R P T, b I
SR K Bl Y BT LRE IE AR 7 2 L
TR 5 A ReE T R B
Jo R Rl

1 REHEFTLZRBHEEMD
5®MA&FAKARAE
BB = L 1 2 A B
34 BRI BA - 2024467 & 1610)

B I FH AR S 6 A R e A 7= 2k
b B A RN A R 2 S T T A
P& LG, N2 A2l T
(ANE R € €T BUN- e =
B XSRS — A —
SEFIAR RN (5 BAE , JF LA B —
BRI, A5 BYECHE 0 M A2 B AR 512
BUF=ERAB AT W 5 A DR A W T e
B o eSS T R L AR R AR
FERCR sl . Bk UL, %
RS LLT 345 H

(1) Bdim 5 R4, @™
LR FL A T A RS BT
AR T X LA e A e o
TS R A A B | TR R A
FHSHL o B 5 2 T S A
PEHEATIEINFIRAE . F R RN G
15 UL, W i AL 1% 2 A 2 A T A7
fith, LMEJ5 SR8 s b BERTRL A

(2) ZHEBIEG A 8o A K
(A SUHE AR T e DO TRV B s
SRR B IE T b, A
FEHLEE e A 7= 22 TEBUE A T2 A 4
AN, AR A AN T2
AH O W AR S5 Ak, Bl — A
LRA RS DML S 2L 4 o ek
Abfi .

(3) Bl b 50 . x4
Je W AR HEA TR A ST BT RIS L i
T Tl FDRIRAS LR R A
Wedss  FEL AR HF L =44
et . EHATE R
REHARTE, A G205 B4

PRI M E 5 BRI, e i
AL SRR LS 1

FE L TEHLEE e A 7 2R D aa
o PR R UL A, SRRk
Sk FE 3 ) S TR i DR AR
KA A fith 11 58 R A B Ak
PR, AT L R AR S o e, ARG
FhHLE e AR = 2R 0 4 5, T
AN AT ARZS 1 A B i
M5 BoR TR, il vE £ A
Je LIS 4 FVRRCH 12 , 8 <7 1 1)
B TP A PR R A IR R R 285,
FEXH AR IEA T A4 , 58 R BT
BLBE e A 7= 2k 22 AU R S R SE 1)
P FOR 2R T R AL R Z U5 5K
it , DAAA A S P AR i 7 56 BT
PILE T A= 77 2k 22 YR 50 1 T2 A 2
AR, SEBNT PR Z VR EAR G — 1Bk
& R IE SRR 5 Boe , IR R T
HLEE R R A HL A P PR AE 4
A DLR S O AZ R 45 Sk JE R i 22
B 4 B P AR RUAE R | 3 3 4% T
RS HBORR AR 0 B XA R 1)1 25 5
B UE , ST % L 4 rh Z2 TR AR 1
PRI 5 JE 2k, S5 A T PLRE R A
S e AER e e
TR LR R A R X
TR R R G A BR LR BT
Bt 43 B AR R g A, TT S B L
FHHLAE T A 7= 28 22 5 ACH J8 0 5
BAE PRI AT W A R AS W I A
e AR T AN . Ribad
A 1 R,

3 2 o A2 R

FLTAUE R 2k Eé@iﬁﬁiﬁiﬁﬁﬁ

HEALE T B ) — i AR
EERETEIA | || [ wnes [ o | o2 |
8 ‘ - Pe B o AHTEI | EiEA TR
KRE, MO || mgehoste| | sobhure| | pomh -

B A i f | Bestt kA |
— MUBENR]|| | Tgropc | [ETFARK| [ETRE

oz e | ||| | wEX | (o | | |[ Pokmm R
% A7ROR AR He pE iRk ML 1)

ok WA

B 1 EANEREFESBEHERNSRE N AR ARIESR
Fig.1 Application framework of multi-source data perception and fusion technology in
helicopter assembly production line



D L
COVER STORY iﬂ‘m—jx?‘

2 BEANEHREFTXRSIEHE
SRS R ACBESCI AR
WK B FFHLEE i A 7= 2k 22 TR AL
PRI Sl A o AR e A
PNIRR, SRy S B 2 22 TR BRI R R 5
AR, A 1A R FHRESE, 15
YL 3 TSCH LB AR . ETHHL
Beli A Pk 2 IR R AR R G A
E T e A 7 2k 2 VR R A
B THHURE B S AR 2 VR S B T
2.1 HEFANEBREFL LR
RERFHERER
TE LIRS AL A P L s f 7 ad
R AREU= 2 Z AR I =2k
PR IGSERE AL R, 58 %) o B %o
AR EE S E R i S K W
A R R A T T BB I 7 e o
B S s B8R , £ B 4 — 4244 1 OPC
A PR R DB R )2 B L
2 B SS )2 3 A TR T £
GrAERIANE 2 R
211 HERENZ
HIHLEE R A PR 3 A
TSy A B IR K AL
R TEE TR F S A,
I, 4% BB R 40 T4 2R A B
PR LR TR A R EE R R ML
B HELR A TR MR L, AR
BT B R FOG BE . #ET Ok,
AT ETHL RIS P HLE SR

SRR . Horb R AL S AN
HAL BN, B RN B R FHAE R
H95 3K, MR RA 4 5 FR LS R H]
220807 5, R S B AL
Bty wJa, i TARBE K E
S8 JCH A2 E AL B Bk A4 451 T
AT RS B — e B E T
Blo = ERALT A, B
PR KO B TR PRA T B A A
R 5 45, X ETILAS A e AT
P, B PR IE R 1877, ARIEXT
EIMHLA B R I 04T, LR 5
Bl 2ROk A S LR B A
o P R M O s i £ ) Kl A
HEPIBA TR 3 26,

(1) 2 PC 155l 5 7 00 265
e BEXE AL rp B RSN
BN i A A S AR, AT
PelC P AR M %, E AR B
IUMNPIE S s <oy VAN 4% | BT
B EE.

(2) Bl Bl - ARBGRIF
R REAGHIN BT K R RIS
WA AR INZE AL, a4 7= Lis
Frid e 7= bR Bl i R AR L
QAN B A S H L BRI TR
[EWpis g Rl Er N L& 3 Wh g walll
(1 LA ] 5 o 39 5 A S B

(3) A is vl : B =g
F ATV I B A AT IR O,
FEARIE A L — TP AT (S
KL AT B A S a] 25 Ak

TR TRR S, PLRCT R Z 18] Y
(IR RV

BEE AR, A SR ET L
B A = 4 I e i i o 2R
PEPCAT S EAS I P2, Bk s
AR S B 10 P A 3k 4] 2 e
e A EBATIE R R RY
#E B FEAT . RsfrREHEME
BOIAZ G AL 2RI T R e i
JRAEIRAS A A ) A T8 S
R PRE AL By B IR e
B 2 Gt 9 4542 2l il i 4 e R
BUIEAE ) BT B (I A
ISR ) A s TARREAE
212 HEREAZA%

BEXE B LA H R fE S Bl A
24 v SR S T ) 2% 140 BB DR AR S
IRV, X6 T3 22 R S A 0 )3 1
e AL , i SR AR AR
A A R4 B0 1 5 B IR 55 45 A Ae) B R
$a), 3z FHEE T I ) B 9 9 0 1
CABL SR DT CTpri SR € ST
T A5l JE B ARG A B I
i, BRI RN . ETHL
Rl A LA TR B B
BIBL A R BB I B A S, S B
BRI A5 B I, A SORE R IS —
A Tk P R e 4 s OPC,
MR AR R Bt )= A 55 )=
I EL LB R 2% R G

TERR AR, EEGE I 4k
e 7K R S SALW Ril L ST IR

[ KEP Server EXRF A |0 ] e mesp o ge
o N ﬁﬁﬁ? H ey
el S & BARaEE | | #EAbEE
[ eI R RSB RR | | L2
| I RERIETCP/IP & \
[OPCCIient IOPCUA Iopccnent IOPCUA IOPCUA % %ﬂ%g%fgg
BLE BT | | FRPETREE | (BT SCOBIET || SeAALIENIR | (BRI | G (SCADA) R4t
HERORG| | Reloits | | manERRs || WnTR% | | Witk
FAMEE RN BNETHU SEALRE PR | _
TREH FRRIE e MR AR i i‘?;’é %‘3{; %*i{‘ﬁ
WORSERE BRI e VIMIREE A PRl o I s
WEEH  RESH WHBH TASY REBH i | (W] [

2 HEFRIETHIERERAN RSN
Fig.2 Framework of production line operation data acquisition and perception system

20244655678 16 1] - Bt RER AR 35




A N 7 8
iﬂ‘m—jx?‘ COVER STORY

P AT AR B R . H
FHHLE LA p= 2 v i K ML e
NHEBE A SLUEVET B A shEhE
WA 5 A0 5 R o A U A
JG KR e R 2L B B
X428 S AL T 20K in Tk 48 55 T
A7 e 75 e fb % %5 34 A+ SCADA
R0, WK e P N T R
MR 12 A SR BRI RGN,
Fri A A WA O (AR R T
T ) DUEE AR 7 Rl SR . I Ab,
%18 5] SCADA RGi1EL S HIEL
P R A I 0 AT B R b L AR AE
A, 51 A Kafka 11 B 4 & A& IR
i SCADA Z 4t 1) $5 5 A% s 1 2% o
By a4, AT [RIEHE A T 224X AN
BRI B A BT 55, 7E— 5k
P AL BT SR LU AR B 2
P At RS8R A BT S R T AR B 7
SEPR R AL R, B AR L R
B AR 257, F Kafka A6 s 4%
i SERESY S, LU S mst ] o5l
B SRR EER TL R G TP AR
PEolE e H RS, B RAET
RUBE LR TR A 2R AE R Y
BB RIS A AT EIAHN 1) Kafka
SEREIR BE 1 e BB AL BT ik
1TAbE, 5 k2] SCADA &%
TEBRALHRZ B R EZ A
[F) P R 000 358 B A4 7308 £ AR L) A
KHAE, R BUR S 51T T R 55
DL A 10 T OB B A% i 21 W 4
ARG AR R, S AE
AR M RS RG24k
OPC WS HEAT B AL i i, B 1 %K
AR MA AL EAE 18 U B,
X2 X I I T, %
JE BB A% iy R R T B L Y
KN K BN B ] RSO B BSCEE L AT DA
B A K/ B = A B 2 W T A T
R ADN U ik
TEBARA /NI I, NI AL 4
I A 55 v 1) e ROBUH 25 S BB
£ it SESE T, PRI, A A AE
TR  S PR R R Bt R H 1 2

36 Mg hiEEEA - 202445 678 B 1610]

AR e Zhom st R 104
AR AT , G X A5 i 4 i
IE Nk

FERCH = AR ARy T, T 3 2
Bl A5G T I A IR ] ] B, DL
— B S A AR SR B AR AL i B 5
Rz AR T AR Al 3w & A
ARR DASRAS T A i S (R i £
WK B, RS i
JE45 , 5 AR A1 A BE 0E AT 4
J5. MR B B B R R A
FRAS B S S EE K AE T AR R
H AN T T B8 I AT SRR AR 1 B B
DL 0% S G e Iy AN B w ) |
TGS T ERRE SHUR T
B W AE T AR R R v g A
TR A AR, insg AL
12O N T35 28 vh 19 2542 Bl il o 3
HHHEPES, S, 1
TERE VS RG-S RS # o i%
PG AR — BT SR A U5 B
Fb T 5 B BUIR 55 5 X T sh 5,
TRV R G5 M55 28 2 (R AR B
B, I R S BUIR 55, IR 55
AT A B IOE R, TR AE 2R
GV W I RN R B T IR N, TG
WRERE RGN NEIEA T LA
MR, IR S5 wif) Rl 15 B AR Rt b
BB AUV RS0, g 4 R
St MAEIREA LA SR,
¥ 22 AL AR IRV BE , B e
IR AT B, DRI T SR FH T I R 45 LA
WAAR R 2R B 1 11 28K

TERHR RSS2 , 410 B TS AT
A PR R, R ] KEP Server EX
RGN B R4 OPC IR 55 fi ik i
KRR, WHLE BB 1 5 (BB
1 o A I PR G A5, IR AR A 1)
OPC UA. OPC Client %38 {5 il
KA B BB A TR N LS,
X A OPC 155 B8 X 4 e A Bt I
AN N ]l A OPC WMLT Il £
5 B ARBCEAE , o] 8 T AR
FrBUE AL BRAN W I . (E7E IR 55 i 1
PR A SRR, i T L2k

IR AR Z , IS5 bl s 5 2 AH
R VR A B BRI 5 ol an
Bl 2 s ), fEX P AT, 75 7
R 55 st T B B T A e AR T AE
AR R, WIRIGEEE A8, R
Fl KEP Server EX & 4 i) R & IR
55, e b2 B) B S A R
55 B N BT SR B B A A
A IR G5 A s
SIS 2 3R IR 554 R I ) 1 AT
AR, H i KEP Server EX &4i41—
[ MR =R (R R 2 1715 B
A1, KEP Server EX 2451 [ 4L
PEAFEA#AR 12 ( Data logger ), A a] ik
FH P B 8 SRl 2 Bt R A 1 A
it SR RS R T i)
SQL % #is e 32 11, [ 3h 52 R 4k
Bds gt AN BRI T B R
S SRR OFE G 1D TEs g

KEP Server EX R4t 1E 1 FHHL%E
Be =4 b i BAR RN R B . 7
MENLHEITRA RS 2%, I R
B RSS2 2 A% 7 iy ) 7= 2
BB BIIRSS 2% K T TR] 0419 55
WS 7 B AR HLR A IR S5 2 10 ik
Ry M P AR IO 2 R
B, 38 2 5 ) 3R A IR S5 AR A B s A%
AR SR RAT 8 AT R Y SRR
O AP B8, R e B —
R MRS # W3E F2 B T AR B ™= 4 rp
BB BB

25 b i A BT LA B A
b 2 S EIG R G his
FH T 40 35 Do) 5 4 R SIZ X 7= i 2
fe it A TP AR RS (AR E
5 B AT N AR AR i S ik
B TE AL B A E s 2E 17 3
HE LS B e B R A A
22 EFNEERLEF% SRR

BERAR

Vol ERI I Wi LN i
ARG AN [ R4 T R 1) 57
Fag P ] R0, AR5 e 1 T i A =2k
P A B RS R T A
S R B A T A AR R A



A
COVER STORY %\1‘ mi IQ‘

PSRN NA R EYSE S NN EY SN
I )05 B 28 AT MR B2 FHHE R
RN A 25 6 A D ELTHHL
PR PERAE SAR TR SR
id Protégé {4 Al EE A AR AR, 523
ZRHARR RS P HRAE SRR
OB IS FE B AR Rl JSON 4%
OIS BT AR 4
SR sy af e S5 £ VS R/ S
SRR, B AN 3 B
221 ARBEAM AT
BEIHLA R A L I E B A
TREEZECR, A RN EH
A , S PRI FE 2 [a] v i) 22 5 A
15 BAEEA L. Al fe b i
FRRAERR R R R AR SO FHAAGE
B B IR LA P s AT
SCZHRTERAIE , 3k T8l ket
BH Bt SR A DG A e e i
FE MR BT RGAL AR, RS
T SCAE R BGE Y & D e, i i
M B B8 AR A
XML ( eXtensible markup language )
#1 OWL ( Ontology web language ).
XML i 5 A AR 2R 458 6] S e
B DA SR G — s A A7, B

SCARFRIC LB SCA AR, (H Gk
R A X % 2 ) ) e R @bk, B
it o R Gg —. I OWL i 5 H
FRGR Y RYE , BENS R 245 ST
t S R OE =R P buN e
L EA AR R4 R
ARG IATHAL; BLAh, W A 3
JE R Z5F AT R B LR e A e 2k
T BB A TE Y 2 R SR B K 5 2
KFR AR I TR T 0 b, T
AR SRR

TE T T AL %E B A 7 2R AR A A
Pt R, B SEH 26 AR A A
PR, IF e LR Z M C R .
ELTHHLP= 2R AR Y | 2L A2 i
Ve BEHE T2 b7 K e RE R 4
28, HP B e i £ AR AR e A T
WA T A &, 26 T 205 8
AR R AT 55 AR TP i
T ETL L AR RIVER R
SRR BT T 245 B b, 153
ENENTRAET NP0 PR N o
8 7= e v B 500 B i e LIk 4
B T 25 Boh A2 i T F R 2 T
KBS BARAT 55, A48 X 2E
W& A TIPS IAT 55 2E e sh 1R 55

BRI, AR SCUUREH TP E 8
IR BRI 5, R AT R St
G E SCRVECHE e M S, A LA
T AT 55 25 18 4 1) 25 T4 3 s
TR KA IS O OC 2R, S T
AR R, Ho, 7 B
IS M i B 28 SR P 2 v BT T
D7 LG BC AR (8] P (R AR X 4
At Ak pr s AREME B ISR A B
FELR TP A SR TARIRES AL AR 1
HURZS (B BT IR S E R
SIEME B TR SR h AT 1%
AR R R E N 2R IR AE
HRA R PATE & BT FHF
{5 BRI A SR I 2 e s 2 v
TS R A% 3 AR OC F A g 3E s T
S B SRR RS AR T T ik
B AR A ELAAR S ] RN TP T R4
B TFHILRE T A 7 L AR AR v (1 8
S RIME 1L PR,

HK, 2 A& JE b, 4
X 5 JE PR R JE . FEA R A
P R, W 4 R MR — A A
& TR R RIS &2 S ] 1) 2
R FEETEHLRE R A = 2R AR A AL A
HEEFERIXT B N3 2 FR .

ra gt SRl L i Protége
ay o = ‘ frEmtE RAImTE
ST EEE = PFREE AR
B RS IR gt AR %
[ bt 3
TN K,
B BEALEL G AL ) )
FORG BHLES WHLIUE LRSS : ]
SR Ea)
TR ke | J—
%ﬂ?&ggmu %Egﬁt - e %ﬁ;mﬁfﬁg
PR R LT L

3 EANEREFLZBEHERSRE

Fig.3 Multi-source data fusion flow chart for helicopter assembly production line
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Multi-Source Data Perception and Fusion Application Technology for
Virtual Operation of Helicopter Assembly Production Line

GUO Feiyan', ZHANG Shuo', SU Andong’, ZHANG Jungi’, XIAO Qingdong®, BAO Qiangwei
(1. University of Science and Technology Beijing, Beijing 100083, China;
2. AVIC Manufacturing Technology Institute, Beijing 100024, China;
3. AVIC Changhe Aircraft Industry (Group) Co., Ltd., Jingdezhen 333002, China)

[ABSTRACT]

In response to the problems of multiple data sources, inconsistent description forms, and low utilization

in helicopter assembly production lines, research was conducted on multi-source data perception and fusion application
technology for helicopter assembly production lines. Firstly, the connotation and overall framework of multi-source data
perception and fusion technology in production line operation were defined, including the construction of a multi-source
data collection system for production lines, the construction of a multi-source data fusion model, the construction of a multi-
source data analysis and prediction model for assembly processes, and the application module for multi-source data analysis
in production lines. Secondly, based on the multi-source data from actual assembly lines, we planned to adopt standardized
production Internet of things (I0T) technology, ontology based semantic description methods, and multi-source data
based quality mapping technology to provide feasible solutions for perception and fusion technology in production lines.
Finally, the application measures of the above technologies in virtual operation process, including analysis of production
line operation status, monitoring of equipment usage status, and improvement of assembly quality were elaborated, which
provided a data foundation for the digital twin construction and virtual efficient operation of helicopter assembly production
lines.
Keywords: Helicopter assembly production line; Multi-source heterogeneous data; Data acquisition; Data fusion;

Data processing and application (Jigm &%)
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Fig.1 Schematic diagram of coordinate system transformation for a six-degree of freedom platform
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Table 2

Piiz

XURRHLIN i R 45¢

HliAr it

Coordinate values of measurement points on the fuselage in the local coordinate system

Fig.3
Fz1 NHN
AL
x/mm y/imm zZlmm =2
-423.03 | -1511.81 | -114.68 P
-444.62 | -1395.71 2491 P2
-450.14 | -1306.13 232.16 Piis
-621.35 | -1513.13 | -115.90 Puis
-652.88 | -1389.98 @ 34.07 P
-674.35 | -1306.75 @ 229.76 P
—734.18 | -1510.02 -113.0 Pz
—749.53 | -1388.44 36.57 Ps
F2 MHN
LS
x/mm y/imm zZimm Era=s
-165.025 | 487.193 | -523.324 | P},
-186.613 | 603.297 | —-383.741 Pl
-192.14 692.876 | -176.489 Piis
-363.35 485.874 | -524.549 Plis
-394.876 | 609.029 | -374.578 Piis
-416.349 | 692.259 | -178.892 Piis
—476.175 | 488.987 | -521.648 | Py,
-491.528 | 610.561 | -372.075 Piis

e i

(]

7N HHE

/

B3 EMRESMEIERZE

Interaction between virtual model and physical entity

ERAEERALIRRTRIFE

Table 1 Coordinate values of measurement points on the fuselage in the global coordinate system

ST

HE A 12 By L

HiHLE

x/mm y/imm

65.45 —1479.67
39.90 -1364.04
58.69 -1291.83
181.11 -1478.94
145.18 -1367.42
216.44 —-1288.68
291.69 -1471.88
281.26 —-1361.98

ERERIPALIRR TRIRE

HIHLEY

x/mm y/imm
175.307 | 499.949
150.697 | 617.039
170.152 | 690.766
290.97 499.858
255.947 612.87
327.919 692.77
401.604 | 506.197
392.073 | 617.418

zImm
—220.37
—-71.36
120.18
—220.81
-76.76
115.72
-214.37
—-68.93

zImm
-510.771
-362.741
-171.847
-511.301
-368.194
-176.465
-505.01
-360.524

F 4R,

(3) 75 Hl BB SH0T
o

7S H B EE G 6 A~ s
HeFF B AL ALt o 1 F- & iz g, ik
iy s AL i Bl PR R AR PR AL
BB AR RS HHE A4
(SR i O (RN =R e
4 Pl P B4k (5) ~ (T7)
AL S AHEE G AL,
FEALEE RN 5 i, i (1)~
(4) IR ES M ERE TS A
M B A DR E R 6
iR

(4) BRI 20 2L

15 )8 % 6 4 P K A
}&%ﬁ%Aﬂ@ﬂﬁﬂ$%@ﬁ
FAE Y E A7 ML By X a2 S B,
$%1ﬁ64%ﬁ%@kg%ﬁ@
LAHLERES I 4 S0 R SR 4351
b T % 1.6.11.16 B HL AR A,
AT DAY 3 11 R ARLBE AR ] L P 500 9K
Sk AT MR 8 B, His i 355 &
Ko

2 BT Kriging R IEBEBIAY
e 3ERETE
2.1 Kriging 18
Kriging 7Y == 2L il 50441 AL -
— R R P B A 2 ARk
4 F A f7 5 [A] )5 A 7 ( Regression
model with polynomial trend ); I 73
— 43 IR AR 3R 22 0 AR Ak
J) L8 3l 1) & %5 fi 5 ( Systematic

F3 HEVRALZE
Table 3 Initial pose of the fuselage

(REZH FHLE HUHLE

x/mm —258.001 -114.470
ylmm -1999.005 | -1975.017
zZimm 408.648 296.584
al (°) 0 -0.52
BlLC°) 0 0.06

yl (°) 0 0.4
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10
11
12
13
14
15
16

(A

10
11
12
13
14
15
16

52 BiEhlEseA -

x/mm y/mm zZ/mm al (°)
—258.001 —-1999.005 408.648 0
—258.001 -1999.005 358.648 0
-258.001 | -1999.005 358.648 0
-258.001 | -1999.005 358.648 0
—-258.001 | -1999.005 358.648 -0.52
—-258.001 | -1999.005 308.648 -0.52
—-258.001 | -1999.005 296.584 -0.52
—258.001 -1975.017 296.584 -0.52
—208.001 -1975.017 296.584 —-0.52

-155.47 -1975.017 296.584 —-0.52
—-145.47 -1975.017 296.584 -0.52
-135.47 -1975.017 296.584 -0.52
-125.47 -1975.017 296.584 -0.52
-120.47 -1975.017 296.584 -0.52
-117.470 -1975.017 296.584 -0.52
-114.470 -1975.017 296.584 -0.52
®5 ANEHETFREIRME
Table 5 Theoretical poses of a six-degree of freedom platform

x/mm ylmm zZlmm al (°)
-1028.62 —-2000 1195.385 0
-1028.62 —-2000 1145.385 0

-1034.0 -1999.981 | 1145.385 0
-1033.176 | —-1999.981 1146.192 0
-1033.176 | —2000.014 1153.332 -0.52
-1033.176 | -2000.014 1103.332 —0.52
-1033.176 | —2000.014 | 1091.268 -0.52
-1033.176 | -1976.026 | 1091.268 -0.52

-983.176 | -1976.026 | 1091.268 -0.52

-930.645 | -1976.026 | 1091.268 -0.52
—-920.645 | -1976.026 | 1091.268 -0.52
—-910.645 -1976.026 1091.268 -0.52
—900.645 -1976.026 1091.268 -0.52
—895.645 -1976.026 1091.268 -0.52
-892.645 | -1976.026 | 1091.268 -0.52
-889.645 | -1976.026 | 1091.268 -0.52

20244E 675 161]
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Table 4 Pose during fuselage adjustment process

Bl (°)

0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06

Bl (°)

0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06

yl ()

yl (°)

departure ), Ho— k=0

y (%)= ,Zl B, /() +2(x) =S (x) +2 (x)
(8)

A, f (o) WEEREL B HFEREL
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Table 6 Adjustment amount of six push-rods
. J /] ! | |

Pregis | HEFF Umm | HERF 2/mm | HERF 3/mm | HERF 4/mm | HEFF 5/mm | HEFF 6/mm

1 0 0 0 0 0

2 40.7032 40.7032 40.7032 40.7032 40.7032 40.7032
3 40.6658 43.8091 36.157 43.8088 40.666 39.2499
4 39.3863 42.5345 36.088 43.1257 39.9901 39.1936
5 33.903 36.3078 27.1452 34.6614 36.6682 36.2718
6 75.717 77.8983 69.1275 76.2006 78.5651 78.2223
7 85.9761 88.1072 79.4258 86.3986 88.842 88.5112
8 75.5791 99.3787 79.8215 75.8312 99.9286 88.8996
9 63.7939 87.964 106.989 63.8313 88.732 116.113
10 55.4593 79.8811 138.197 55.2637 80.8804 147.332
11 54.3571 78.8095 144.419 54.1166 79.8526 1581558
12 53.4122 77.8893 150.726 53.1267 78.9762 159.857
13 52.6252 77.1211 157.115 52.2947 78.2517 166.243
14 52.2911 76.7942 160.34 51.9381 77.9466 169.465
15 52.1097 76.6164 162.284 51.7432 77.7819 171.408
16 51.9426 76.4524 164.235 51.5626 77.6309 173.358

(c) fiZ11

(b) fii 46

(d) 17416

B4 EMRERETN
Fig.4 Virtual model state changes
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Fig.5 Finite element model of fuselage
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Fig.6 Finite element simulation results under different attitude angles
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Fig.7 Rotation angle parameters of six-degree of freedom platform
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T,/mm
0.649
0.153
0.295
0.380

-1.225

-0.524
0.643
1.380
0.500
0.308
1.823

-0.281
0.526

-0.744

—-0.095
0.285
1.298

Te/mm
0.317
0.345
0.193
0.303
—-0.697
-0.339
0.325
1.387
0.327
0.361
1.985
-0.179
0.299
-0.375
-0.061
0.356
1.548

x7 NERERAREESTHMIERE
Table 7 Partial deformation values of measurement points under different poses
(VAL
BRI A
T/mm | T/mm | T/mm = T/mm | T/mm | Tg/mm
0.293 0.256 0.331 0.373 0.408 0.621
®a 0.726 0.624 0.366 0.430 0.485 0.018
0.095 0.096 0.193 0.193 0.192 0.319
-0.003 0.066 0.279 0.205 0.143 0.651
P, -0.542 | -0.363 | -0.736 | -0.854 | -0.953 | -1.190
-0.164 | -0.164 | -0.339 | -0.339 | -0.339 | -0.568
0.448 0.384 0.349 0.420 0.478 0.528
P, 1.629 1.456 1.423 1.533 1.627 1.216
0.161 0.162 0.327 0.326 0.326 0.541
0.356 0.394 0.348 0.308 0.274 0.463
A 1.649 1.745 1.963 1.898 1.846 1.837
-0.085 | -0.084 | -0.179 | -0.180 | -0.180 | —-0.304
0.124 0.137 0.297 0.283 0.272 0.642
Ps -0.050 | -0.019 | -0.379 | -0.401 | -0.419 | -0.798
-0.029 | -0.028 & -0.061 | -0.061 | -0.061 | -0.104
0.278 0.334 0.336 0.277 0.227 0.493
Ps 1.239 1.381 1.516 1.421 1.343 1.336
-0.129 | -0.128 | -0.268 | -0.269 | -0.269 | -0.452

EitiE I

*8 WMHMNETKE

Table 8 Variation of fuselage position

x ARAhE |y AR | 2 AR/

-0.418

N fbs ||y A/
5 (MR |y
e |

mm mm mm mm
-1684 | —0229 | -0872 P -2515 1.947
-1.090 1.183 0.314 Py 0.302 —2.251
-1281 | -1458 | -0.948 Py -1.160 1.480

0.221 -1.859 0576 P, -1288 | -1.156
-1.520 0.685 -0.357 Py -0330 | -0.362
0.141 -1.331 0.701 Py -0179 | -1.087
—2.457 1.550 -1.056 P -0.692 0.467
0.220 -1.695 0.643 P -1695 | -0.945
-1.399 1.560 0.115 P, -0696 | -1.761
-3298 | -0066 | -1.375 Py -2.196 2.139
-1.506 0.179 -0.497 Py 0.064 0.397
0.470 -1.344 1.034 Py -0628 | -2.499
-1198 | -0456 | -0.404 Py -0493 | -0.826
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Autonomous Tracking Measurement Technology for Aircraft Skin Seam
Based on Structured Light

ZHANG Xuetao', HOU Guoyi’, ZHAO Ziyue', SUN Anbin*, LI Shuanggao®, ZHAO Peng’
(1. AVIC Changcheng Institute of Metrology & Measurement, Beijing 100095, China;
2. Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

[ABSTRACT] Aiming at the automation measurement problem of aircraft skin seam gaps and step differences, a skin
seam autonomous tracking method is studied based on line structured light visual detection technology. By combining
traditional image morphology based processing methods with optical flow methods, real-time tracking of skin seam features
is achieved, thereby determining the measurement positions of gaps and step differences. The accuracy of seam tracking
was improved by correcting the eye-in-hand calibration parameters based on measured data. The experimental results show
that when the tracking speed is 7 mm/s, the position accuracy of seam tracking is higher than 0.500 mm, and the attitude
accuracy of seam tracking is higher than 0.5°. This tracking system has good accuracy and stability and can meet the
requirements of aircraft skin seam tracking.

Keywords: Aircraft skin seams; Multi-line structured light; Optical flow method; Autonomous tracking; Machine vision
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(L% 58 )
Research on Data-Driven Simulation Technology of Fuselage Docking Process

WANG Zhongqi, NIE Xiaole, LI Jiawei, WANG Anyang, ZHAO Yang, CHANG Zhengping
(Northwestern Polytechnical University, Xi’an 710072, China)

[ABSTRACT] To address the issues of large theoretical model deviations and long finite element model consumption
in traditional aircraft docking simulation, a data-driven aircraft docking process simulation technology research is carried
out. Firstly, by using virtual-real fusion technology, a six-degree of freedom platform kinematic model and a body-attitude
adjustment platform pose transformation model were constructed. Real-time simulation data transmission was achieved
through data exchange to drive the virtual model. The measurement data and virtual model were used for fuselage docking
simulation, and the docking process pose parameters were determined, providing a data basis for adjusting the attitude
adjustment platform parameters. Afterwards, in order to improve the efficiency of data solving, based on the finite element
model for solving the deformation of the fuselage, the deformation amount is calculated and converted into the change in
fuselage position. The attitude angle and position change of the fuselage are used as input and output values to construct a
surrogate model, and the effectiveness of the method is verified. Finally, a simulation system for the docking process of the
fuselage was developed. Taking the docking process of the fuselage test piece as an example, the results verified that the
system was feasible.
Keywords: Fuselage docking; Virtual-real fusion; Data driven; Surrogate model; System development
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FILAR: X 58, FEE, BFH. CMASHAN G BRERZRSITERZ[]]. Sz #)#H K, 2024, 67(16): 59-73.
CHEN Wenliang, LI Yixing, FENG Suling. Analysis and prospect of assembly technology of aircraft composite fuselage
panel[J]. Aeronautical Manufacturing Technology, 2024, 67(16): 59-73.
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Analysis and Prospect of Assembly Technology of Aircraft Composite

Fuselage Panel

CHEN Wenliang', L1 Yixing", FENG Suling"?
(1. Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China;
2. COMAC Shanghai Aircraft Manufacturing Co., Ltd., Shanghai 201324, China)

[ABSTRACT] Composite materials are widely used in the aerospace field due to their excellent comprehensive
properties. The application range of composite materials is gradually expanding from secondary load-bearing structures
to main load-bearing structures. The traditional metal assembly panels constituting the fuselage structure are gradually
been replaced by composite integral panels. The composite panels with assembly processing characteristics that are
different from traditional metal panels, therefore, new requirements for assembly methods and assembly processes are
proposed. Aiming at the assembly process of aircraft composite fuselage panels, the large-scale measurement technology,
the assembly positioning and attitude adjustment technology, and the advanced hole connection of composite fuselage
panels are introduced. Research progress and application situation at home and abroad in recent years are systematically
summarized, and the future research and application development direction of aircraft large-scale composite structure
assembly technology is expounded.
Keywords: Aircraft assembly; Composite; Fuselage panel; Measurement; Flexible tooling; Positioning and attitude adjustment;
Mechanical connection
(Vi *ta)
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Rotation Accuracy Analysis for Precision Spindles Based on Skin Model

HU Xiaokun', YANG Yitao', ZHAO Qianggiang®, LAN Hui’, LI Xiaohu', HONG Jun'

(1. Xi’an Jiaotong University, Xi’an 710049, China;
2. Qinchuan Machine Tool & Tool Group Co., Ltd., Baoji 721009, China)

[ABSTRACT] Spindle is a typical multi-bearing rotor system, it is difficult to analyze its accuracy due to the extensive
parallel connection in its structure and the mutual coupling of bearing and component errors. To address this problem,
this study introduces a novel approach for analyzing the rotation accuracy of aviation manufacturing spindles. Firstly,
the small displacement torsor theory and the skin model method were used to model the form and location tolerance
and rotation trajectory of the bearings to construct a full tolerance model of the components. Secondly, the full parallel
connection in the spindle was analyzed, and a method for analyzing the rotation accuracy of the spindle based on the
optimization method solving the error propagation of components was proposed. Finally, the tolerance analysis and
sensitivity calculation of a certain type of grinding spindle are carried out using the proposed method, and the results
show that the method can effectively analyze the rotation accuracy of the spindle and the pass rate of accuracy increases
from 74.3% to 88.2% through improved tolerance design, demonstrating an effectively improved tolerance design level
of the spindle.

Keywords: Spindle; Full parallel connection; Skin model; Rotation accuracy; Tolerance analysis
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Autonomous Tracking Measurement Technology for Aircraft Skin Seam
Based on Structured Light

ZHANG Xuetao', HOU Guoyi’, ZHAO Ziyue', SUN Anbin*, LI Shuanggao®, ZHAO Peng’
(1. AVIC Changcheng Institute of Metrology & Measurement, Beijing 100095, China;
2. Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

[ABSTRACT] Aiming at the automation measurement problem of aircraft skin seam gaps and step differences, a skin
seam autonomous tracking method is studied based on line structured light visual detection technology. By combining
traditional image morphology based processing methods with optical flow methods, real-time tracking of skin seam features
is achieved, thereby determining the measurement positions of gaps and step differences. The accuracy of seam tracking
was improved by correcting the eye-in-hand calibration parameters based on measured data. The experimental results show
that when the tracking speed is 7 mm/s, the position accuracy of seam tracking is higher than 0.500 mm, and the attitude
accuracy of seam tracking is higher than 0.5°. This tracking system has good accuracy and stability and can meet the
requirements of aircraft skin seam tracking.

Keywords: Aircraft skin seams; Multi-line structured light; Optical flow method; Autonomous tracking; Machine vision
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Research on Data-Driven Simulation Technology of Fuselage Docking Process

WANG Zhongqi, NIE Xiaole, LI Jiawei, WANG Anyang, ZHAO Yang, CHANG Zhengping
(Northwestern Polytechnical University, Xi’an 710072, China)

[ABSTRACT] To address the issues of large theoretical model deviations and long finite element model consumption
in traditional aircraft docking simulation, a data-driven aircraft docking process simulation technology research is carried
out. Firstly, by using virtual-real fusion technology, a six-degree of freedom platform kinematic model and a body-attitude
adjustment platform pose transformation model were constructed. Real-time simulation data transmission was achieved
through data exchange to drive the virtual model. The measurement data and virtual model were used for fuselage docking
simulation, and the docking process pose parameters were determined, providing a data basis for adjusting the attitude
adjustment platform parameters. Afterwards, in order to improve the efficiency of data solving, based on the finite element
model for solving the deformation of the fuselage, the deformation amount is calculated and converted into the change in
fuselage position. The attitude angle and position change of the fuselage are used as input and output values to construct a
surrogate model, and the effectiveness of the method is verified. Finally, a simulation system for the docking process of the
fuselage was developed. Taking the docking process of the fuselage test piece as an example, the results verified that the
system was feasible.
Keywords: Fuselage docking; Virtual-real fusion; Data driven; Surrogate model; System development
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Research Progress of Augmented Reality Assisted Intelligent Assembly for
Aerospace Products

FANG Wei', CHEN Lixi', SUN Anbin’, XU Shuhong’
(1. Beijing University of Posts and Telecommunications, Beijing 100876, China;
2. AVIC Changcheng Institute of Metrology & Measurement, Beijing 100095, China;
3. COMAC Beijing Aircraft Technology Research Institute, Beijing 102211, China)

[ABSTRACT]

visual assembly process instructions onto the workbench. This technology significantly improves the quality and efficiency

Augmented reality (AR) enhances an operator’s capacity to perceive information by superimposing

of complex product assembly, such as in aerospace industries, while also reduces cognitive load on operators. This
paper initially examines and discusses key technologies in current AR assembly, including tracking, human—computer
interaction, and display. Subsequently, it systematically reviews the research and application status of AR assembly for
existing aerospace products from three perspectives: Head-mounted AR, handheld AR, and projection AR, and this paper
also explores the impact of artificial intelligence technology on AR assembly. Lastly, it summarizes the existing challenges
and future development trends of AR assembly technology, with the aim of providing a reference for the research and
engineering application of intelligent assembly of complex products in aerospace industry.
Keywords: Intelligent assembly; Augmented reality (AR); Aerospace products; Mixed reality; Assembly guidance
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Augmented Reality Assembly Method Assisted by Large Language Models

BAO Jinsong', LI Jianjun', YUAN Yi’, LU Chaofan', WANG Sen®
(1. Donghua University, Shanghai 201620, China;
2. Shanghai Waigaogiao Shipbuilding Co., Ltd., Shanghai 200137, China;
3. Shanghai Baosight Software Limited Company, Shanghai 201900, China)

[ABSTRACT] Augmented reality-based assembly guidance systems superimpose digital information onto physical
scenes to effectively guide complex assembly tasks. However, the gap between humans and the physical world in the
assembly environment is huge, and the information to be fused into the physical world needs to be prepared in advance
and triggered manually during the assembly process. The study of real-time and ubiquitous prompts is a hot research
topic for complex assembly in augmented reality environment. In this paper, we propose an augmented reality assembly
method based on the assistance of large language models (LLMSs), the core of which is to use LLMs as another brain in
the assembly process, providing ubiquitous assembly guidance and prompts support for technique information. Firstly, a
system of LLMs-assisted augmented reality assembly method is established, and the elements and interrelationships of the
system are analysed. Secondly, a matching process information model is constructed for LLMs environment. Then, the
assisted guidance decision-making method and process based on LLMs are given. Finally, combined with a cable assembly
expertise, a professional question answering system is developed to realize the smart assisted guidance of LLMs. Results
show that the assembly pass rate increased by 15% and the effectiveness of the method is verified through several cases.
Keywords: Augmented reality; Large language models (LLMs); Assembly; Question answering systems; Knowledge graph
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1A G50, AR, R0, . KT SHB RN VSV 8 T WA KB fb et = [J]. Az #) 84 K, 2024, 67(16): 117~
129.
ZOU Kai, WU Dianliang, XU Hanzhong, et al. An intelligent fault-detection method for assembly of VSV adjusting
mechanism based on multi-model cascade[J]. Aeronautical Manufacturing Technology, 2024, 67(16): 117-129.
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THEREAE
a8, REER, NG, A K, FiE

(1. BB %E k%, Lif 200241;
2. P EACE LR R R Shhuh A TR AR ), B 201306)
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TR BARER A T3 A A B ik ConvNeXt o £ 5k, Bt G PEAR 13 B 32 A, B AT 8 S A SR U B 45 L a9 a7
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Fig.1 Schematic diagram of the connecting rod of VSV adjusting mechanism
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Fig.3 Principles of the YOLOV5 algorithm
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Fig.4 Structure diagram of the improved YOLOv5s model
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Table 6 Data set distribution of final results for overall model-integrate scheme
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An Intelligent Fault-Detection Method for Assembly of VSV Adjusting
Mechanism Based on Multi-Model Cascade

ZOU Kai', WU Dianliang', XU Hanzhong", ZHOU Shuo?, YU Haiwen'

(1. Shanghai Jiao Tong University, Shanghai 200241, China;
2. AECC Shanghai Commercial Aircraft Engine Manufacturing Co., Ltd., Shanghai 201306, China)

[ABSTRACT] The assembly process of the variable stator vane (VSV) adjusting mechanism of aero-engine requires
manual detection of the anti-loosening wire assembly correctness of the connecting rod, which is inefficient and error-
prone. An intelligent fault-detection method based on multi-model cascade is proposed to replace the manual detection
operation. The method is a model integration of multiple convolutional neural networks, which consists of three parts:
detection module, classification module, and post-processing of comparison & fault detection. Firstly, the depthwise
separable convolution with lightweight decoupling head mixing different sizes of convolutional kernels is proposed on the
detection module to improve YOLOv5s, and the improved YOLOV5s achieves an average accuracy of 97.9% on the test
set, which is improved by 3.4% and 1.5% compared to YOLOvV5s and YOLOVSs, respectively. Secondly, the ConvNeXt
classification head is improved by using 7 x 7 deep convolution instead of global average pooling on the classification
module, and the performance is improved, reaching an accuracy of 97.5% and 95.4% on the connecting rod dataset and the
thread dataset, respectively. Finally, the results of the two classification models are matched in the post-processing module
to obtain the assembly detection result. The intelligent fault-detection method is verified by the image dataset collected
from the field assembly workshop, and the results show that the average precision of the proposed method reaches 92.7%,
which further verifies the reliability of the proposed method.
Keywords: Multi-model cascade; YOLOvV5; ConvNeXt; Assembly correctness detection;
Variable stator vane (VSV) adjusting mechanism
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MENG Qingxun, XU He, ZHANG Hui, et al. Analysis of deformation and localized stress during gap compensation joining
process of CFRP panel bolting[J]. Aeronautical Manufacturing Technology, 2024, 67(16): 130-137.

CFRP SRz IR[S ¢ MEEIRT BT R
BERL h 4T

ZERAY B Rk L B XXRiE
(1. eraAL = AL R K 3, Jota 110136;
2. AL Tk Yura kAL Ak (R ) A TS, i fa 110034)

[HE | #4444 (CFRP) J 32 B A T R M, SR A T 7 FR%], MM A @ A2 30 R B A2 B 09
B 18] 1, 72 92 BR TAZ P 10 IR AR it — & A AT & Bt AT A AME L2, e S BEMER T B AL HEFHLLE, ¥
J6 4 RAUBAZ M AL . 3k, BEATHLIRAME B 3248 % BIR 5 xt CFRP B M & B 5 % vy Ao fe ik h I 4E . 2 5H7
e, BEMARAS AL L3 S AR CHE T F O REEN., 2@ LB HIEEREL BN E4ILE R, T Ee
B BDIR B i &) B FGAL R KA 24 63.4% ., % B> 3T BEAEAR B ) o A H DL mh ) , st 3R A LR L A o A Am BE
HORBL K T 5 A i K, sPAR M 4 b4l Bk 2 B . LR ) oA 55 1) I35 B Ao R IR 2 F A X, KA

] KR F 048 2y, B A AE Aedd i 09 5T B RS K.
KEBIR) : HFRAME; CFRP B 4s; R EDIR A B EN; B AhHoH
DOI: 10.16080/j.issn1671-833x.2024.16.130

P
B, L, ARAFEACNE
BEL AR A

B BT R LR BRI R AR
AT A& e R4 2 544 L CFRP)
LA Rl Pk o7 e beom B & 46
PERE, 76 AT 2 Fr KA S8 o L
BT, N LR SE R AL RE
M %5 R S sl B, Hl
T CFRP 4} N &8 £F 4t 44 15 I ik 2=
BOANTA], 0T AR fS 25 DRORS AN i
R w22 , 2 584 s
PR AN T 3R S A R S ]
X} FREBE ] B, s Tolk A & A% 1
FVEEK . YRR/ IN T — e A, TG
o SFLB A BT P A HH M X
ATl R il s (H Rl BUE T — )G
T A T I IA B P b A s PR
R 2 T AR T LR Ay £ e A i B,
CFRP B Z 18 F2 Re B it FE v, AN W)

* B& TR« FHP IR H (JCKY?2023205B005 ) 5 il T4 RHE T3 H ( LIKZ0213 ),

130 Ais B E AR - 20244556748 55 1610]

'K I Yo 24 e 1) i £ 2 14) 52 e AN
[m], LA X3k () AR 0 5 R AR, i e
TN G i sh A AR, 3 T
R 20 i o B A 00 A A e M B
58 BB A2 A T T A [] 5 361 19T %o
CFRP EE b 2% JiT 51 12t 1% 52 1 X Ji5 22
RHLA RIS PERE L M E 2L

HAT, ¢ T MEAMEAb FEXT AL
B T o 1 S 0 A M e g,
1, Cheng 45 gt 57 7 4k 149 ] B2
TR R AR R T A R K f
BB L, 40 8T TR [RLA R 2
B 0 TRALBE b 2 T o 8 1) 5%
Wi, Yue % UVRIFSE T 105 S AE R
KA E A MR GG 4 s %
SLEEFIERERIRZ I, E LT 1A R
L RS, 2 Sk Ah W1 g e {1 A 2k 45



Assembly Joining %Eﬂﬁﬁ

AR RIS, SR VR AR 7 i), 3 2
BT ] AR e Sk Ak Sy 2E bk
fit. Chang % ™ ¥R 57 1 1745 4 L 7]
B 9 52 A A B A [ R 4
T e 0122 2% 7 L s 3% T 26 i 1O 9 1)
A3 AERE DL, 25 5 R AE O B L
AR NI AN BE S AT B ]
B AT AE SRR SR B . Liu
25 BRI O H R E AR & T AR
LR 2= B 2 A A RHE 2 18 ke i3k
ANTA Y AR, 45 5 R 1L
DR ZE T B SL Ab 7= A R 0 AR TE | 5if
il 224 R FLa B R BT AR AT
SE TG AKTHR, [ I AS [ B [ i
B A AR A A AN .

RSN TR R RS T
VIR ASE oL Ve SR IE L i A
Wi AR 5 B Al O A5 T A 3 A7 7 2L
T4 BE ML AT, WA HE S 0 5 T
GO S #1113 § VA O] TP X
S HB A X B B (] B AR AR B,
SO A A BB B . XU, AR SCLA
KA R ERRE AR ZE A SR 5, T
ABAQUS - 5 #47 A BRIT 40 #1, I
PEATIRIR IR, BFSE T 9 FhEs LI IR
e 5T L X Al R A A T R R
EHPIB LR, Sk B3 SEPREE L T
TERREAES

1 MEERREEIRF
TCHLEERR S5 H RSB R TR IR
R A%, HBEHC AT B R A Ao A
BLAM G o R BE B A AR 4DL I B M X
FETC o 2, R 25 5 2 e AU
THEAG B BRI S, R R
BB — HEART [T B, PR B
YRR 40 1 5 R MWL 3 Sy 3 B A 45 s
YENBIFFEALRL, N 1 s, BRI
JR R RER 254 R~ >4 1000 mm x 500
mm x 3.2 mm, 5 KAMF— AR il
BEMCA 3 A3 . HBAME R H IE
ISR KR 14 mm, JEE
SRyt B AR LR S5 /N R BRE, IR
H X6 7 AN [) JEE B 4 -, 3 51 4
B SR ¢ 6 mm IR 4

3 S 0% AL T 51 A4, fLAE
4 6.2 mm, AHSFFLIEE A 24 mm,

VENBIFGEAR Y, B R AL 3
Bl 2 T (B BRI/ N B A7 A3 AR A
AR HBOCAL S = dE 145y ikt
AT PEAL . AR PRI 25 R, 3 AR
JUliZE FEE A Yy B BB LN ] 2 s

B Xt JRy S B AR M J AN []
S 2 B 420 TR T R, X9
TR A AR PR UEA T 4 ' Ab B8, A&l 3
FiRe 3 23 M W AT B MR G5
1,235 EERFLLIN EFT A
G REIR T STl 14 .24 38 -+
51# . KB AW~ B - TR R
PSRy R« T ], A2
¥l 18 FLIR e 2 174 L e
w4, B R R FLA. 9# TR R, L 8#.
10# PR b F 2B mAMT S HE
14 17# FLIEFESE G PION PN, BV ER
WL 1# 17# FRURIR IR R A%

NI S E O FLIEHETE . [FIBE,
3L i B 3 LA R 3 B R 1k
et 2L, it o P Y
HEATARCILIERE , A gk LR

2 BREMEREZHERT

it
21 {FEMEBES

WA 1B LA RRAE , 3
T ABAQUS 2020 7.4 FRICHAL,
PEAT LR A2 A B 255 i i R A AT
FRICIFA, s A BE AR R B i . Ry
T4k O LAY | B o is S R0% B IR
FFBEREFNS B 2 G oA Ak A
PR TR1H2 fil e 2y a7 B, S AR AR A8
U R ) oy A f L, R FH C3D8R £k
PEGE IR A BT HEA T AR R 43 g
F14E b B A AR AT 5 BE AR S5 4
P DX, DAL rpoC S R0 1 )
A2 5 mm AR, 72 5 R A B

JEE3.2 mm

E 1 SEREER R
Fig.1 Local panel research model

y
X

01_’

v
212 123211
Eos 253
5,04 3R
= 0 L L L [l

100 200 300 400 500

SRR EERR G5 /mm
(@) L A s i

:

(b) BEdR S5 7R B
B2 EpEEfERE
Fig.2 Gap value of wing rib junction

2024465567 16 1] - Wit RER A 131



L

SPECIAL TOPIC

T HlEAf 110 %85 A T A Al A A 2
JIT A AE A2 D TR e J 1A T T S
SRR PR AL AR B PR T A
R 127710, A% S E LN 4 s .
22 MRSEEE

15 AR AL HE ST 5¢ WU 13 B A
TRUERIR RS BT kA
4> Ti-6AI-4V B R}, H 3 P A & Ry
110 GPa, A LA 0.29, BPE FR A
950 MPa™ 5 3L Iy 1 [ (At - b1k
Fr5E4A 4 T050-T7 A4k, H P s
o 110 GPa, JAMA Ll 034, &
4 bR EE Ry CCF300 BT 48 )2 &
M, BRI K 0.4 mm, &l E I
[45/0/-45/90],,, SR 3.2 mm, #4
B 2 s 0,
2.3 EfEM R M

R T RS T s, B A BT 2 P Aot
FEHPAEAE 3 AL, 43 B A IRAT
RE M RT3 RE AR S EL A,
BT NG R S 4 1T
B REMR  H R 3R X A 4
fi 1T L34 5 4 fnk B 2 00 A 1T 3
FE RN Ar A AU AW 2 A 502, ARG
SRS HE/N, PRICR FH /NI RS H fk
3B SRS ) R 2 i A0 7] )
T 5 R 8 Penalty ) 1 BE 1542 fih
T EREAR B AR [ ) R 48R R A
R 0.2, H Ay BE 8 R Bk 0.0,
15 BT 0 5 T BE AR SR R 45 P 2%
B 5 i, b fRf Ak AR, X 3 A3 it
T 255, I BRI U, U, FiL Y,
SRS H B[R] A R AL B A
S[E R, AR SRR R P S
e kA SN EEITES YN
JE SRS Jitifin ABAQUS #44: r f)
Coupling #5291

AR T K Ak fr i 1 ABAQUS %K
4 v % Bolt load e #E 17t fin, %k
1B R FH AL 2 s 1 Ak R0 22 19 Fe KA
8000 NW*I. Sy 31430 A [w] 5 [ I
JE LT i A 52 I, MR AL X [ PR
WE 1AM, it 51 A~ tib .
BRI AL b 40 A [] 5 00 B
UER G 5 MRt 28k gy , LAl (T

132 Wi hEE AR - 20244556748 55 1610

10 !35# 10 118# 1ol 1#
10 136# 1o 1194 o124
;@:o:37_# ﬁ:o:ZQ# 55:9:3#
(IR (R IR
%:0:42# %:o:%# %:0:8#
:1:0:43# E.:O:ZG# m:o:g#
z|0|44# f|0|27# flOllO#
LRSI RS R
Wivotags  Witoi32# Miiorisy
y 10 150# 10133# 1o116#
o X :OI51# :0|34# :0:17#
B3 #HEHRSEEE

Fig.3 Diagram of part numbering

JF 55T 38 o B e a3 B A T in 2%
g FRRT 1 BEAS: S5 IR SR S R, B A
AR %A e Aar it fin n &1 5
No
2.4 SRFFIE R EIR L AN

AR SCBEH—Fh LT 3D Hashin 2k
ZE5C VR D) 00 A AR A P ST a0 5 4 A 7
PEAT 43T OO, 24 A ) AT LK)
EARL R VR IR QA S RO R Sy QN Y N
P AP IR ORSLAR 4 RA0 4 FhsX
KRR A A

(1) FYEpifip sk (oy = 0),

w=(5) (3] +(52) =
(1)
(2) £ YR 4R R (0,<0 ).

2

et.r=(%) >1 (2)

( 3 ) %14:3:17‘{#395&&( OyytOy = 0 )o

2 2
_ (0pt0oy) 03— 0,05

mt 2 2
Y S,

() +(5) = @
(4) BARHELRBL( 0p+055<0 )
1LYy
en.c:?C[(zS;) _1](0'22+0'33)+

2 2
(Ont0y) Ox—0,0y

45, S

(s2)+(52)=r @
fﬁ:q:'v 01 ﬁﬁ??ﬁﬁﬁﬂﬂjj}, (7} ﬂ‘j%
PR T5 18] B 15 035 S5 18] L T3 04y
013 Op3 I 1. e (k=ft, fc,
mt, mc ) = 1 INER7RBEN & A= R 2
TARAG, W S FH I 4o v 5 =k

F1 ZEIRFSA
Table 1 Fastening sequence grouping

s | EREEIGUT | FEA A S E I
1 1-2—-3 E
2 1-2-3 Wit ar
3 15253 SREIEA
4 1-3-2 1E i
5 1-3—2 PN ] P
6 132 CRIE[HE
7 213 TE [T
8 2—1-3 WA ar
9 2—1-3 e ] 2h

B4 AHRTERMEL S

Fig.4 Finite element model meshing

2 BFREEENESH Y

Table 2 Mechanical parameters of carbon

fiber monolayer platem]

TSR Hife
Y\ E, /GPa 125
fk ) 4 E,=E,/GPa 8.7
BYIiE G, =G,,/GPa 3.36
B YIiE G,/GPa 3.15
TR L vip = vy 0.31
TARS L vy 0.45
YAmITHISRE X /MPa 2500
LIRS X, /MPa 1631
B BThIERE Y, /MPa 50
KB ETRE Y. /MPa 230
PUysREE S;,=S:/MPa 100
HUBysREE Sy /MPa 120

& 5

B RS RETTHEM
Fig.5 Boundary conditions and
load application



Assembly Joining %Eﬂﬁﬁ

bk R R Al AL B BT AR 5 o
AR ARG 2 5 B AL i d AR
R RN T W L R ARAE, R0
WIS C°

.1 Cij‘s‘?(l—ek)LC
dk— 1- , exp(T)
(5)
Ci=(1-d)C} (6)

A, di o 2% i R SO 1 43 47 7
Ty CO N RACHT NI TC R s C
HRBUE IR FERF TR 5 & A IENT
Af s LE WRRIER L s Gy Ry 4% e B
WA BAE i d, UEEOE
HH, BUETEF Dy 0~1 184, d,=1
IR BRIT e 2 RAL

3 EBEiRSHREEEE
Sy BT A Ao A T O
THEZER, PEAT T X 0 02 i 2
B BERRAE 7 BRI R RE A
VE R 56 X 5 48 5 405 B4 b —
I -5, RSF A7 1000 mm x 500
mm x 3.2 mm, #1 kLA CCF300 k2T 4
JZE M, 2T A [45/0/-45/90],-
BB A 4 7050-T7 MK}, i3
SRR AR R W e, LT 7Y
FEECBDIN T, W55 1 A i T S i
SRIG LA SRR | 5850
PrEsfic—2, I E 3 AN 5 R EReE
Mt e, 1R R Ti-6AI-4V £1
Bl HAR K 6 mm. A T Ak ) £ 3
HEMZ R AL, L3 6.2 mm, AHARFLEE
24 mm, 351 4~ 58 G AL
I, AEREA R T X ST Y
B, AT 5 A T8 2% T Mot I P 1
BE. %&WC %t AR CSI A A
VIC-3D %7 K& A X(DIC ) R4
Wi, AR P IR L T 222K R
S0 18] BB A DR (5 200 ek
BE MRS BT T 4, SRR A T
o B AMES o HEAT T AHBIL =2 |
LED Sl A 30 HL A5 1 0358 4% 1) i
2, U LED JCUE A A Tl AE AL
SR AT X £ R AIE DIC & 5 Bt
AR e A5 TR S8 7R T PN IR RS E

BT TG B O, ARG &
K6 . e FHebr e e Sl
BENR AT T 25 [l EARAE | 7 X =4
M AR FR AR .

R 545 47 )5 5 sh DIC il
ARG, 7RI TS5 6 I AR 3R
T B T B0 47 B SR 1) LR B
1T 3 I BT oh 47 B2, fRIE
BEA~ 8 A B[S B LR — 2, DIC
R W A T A HLEE 3s B
FIRAE LikEMG, HERG 112
S e R AR BT
1415, J 9 gl o T PAIE B 5L
PR B, 4R A 3k, iR
¥ J5 4 1 DIC MG BT ke A 74k
PEAL T 7551 8- 2H A [ ML W e % [
S BN R RERR S5 F 0 R B 4

6 EBEREMRIKINNETE
Fig.6 Panel assembly experimental
measurement platform

4 ZR5
4.1 EERRBITR ST RERIE

KIF CHLEE B 22 B2 25 i i)
R SEBRAME S WA A ETE R Ay
AHCMIBE, x.y BTy o 3 —E
() 25 (8] i B% 28 T, 52 W) i 2 2% i e
o AR 1523 i [ S
JP 6 Xy AN T T w1 DLt A 753
TRk 72 2 A 3 I M E B
TE ABAQUS # 1 Hh s A48 T 350 R i
K, AHE ) =45 A8 = B K]
7 FiR .

FH D 7 RTHT, BEAR 0 2% 3 ) T it
A7 ' p 5 il AR ) D O A BH
AT B 0] N WAL, BEAR X
y W5 RS AR I B )N, AR
W B 2 BRI, e R
ARV AT LT BT B4 X L 2 AT
I, e X 22 T (%) AN [) 5 I ) R
WAL AR I i EAT 04T, 5 X i
REERH SR AR, y TR RERR
G B B DARESRCAE I
b 2 R B (2 E — Ak
—HF - T — L) dtFr4l.
[Fi) i 35 X 60 T 5 Jey a0 B A I 320 v
S ] RS R T X AT, DA
Y UET BT MER . TS 9 Fh

(a) xXJ7 AL e

(b) yJr it LTE

7 By BYAREBERE
Fig.7 Cloud maps of panel offset deformations in the x and y directions

20244655678 M 16M] - Wit RER AR 133



L

SPECIAL TOPIC

SE T BERR Xy PS5 ) £
M2k ani&l 8 B/, B sty pei, A ]
A% EEEINFR 3 iR,

1€l 8 A1 3 Il Hl, 1—>2—3 IE
[ W 1 1—3—2 Fp ] [ Ah 9
IE5] 5T 5 A % e 1 2 5 96 ok B
RS R RSS AR
i1 0.01 mm FALT , AR ST =R
PR B E AR X R 22 /N T 10%),
B LT BT T S S R A e ok
TR AT A R o 9 i K [y B
M A R SR — 2, T m R 5K
R 2. BIARRH. 7
R Al T it DX e 5 [T OO Y e 7%
BIR A, B 3 5B T e S A0
L SN HA i WA AU 2
IR s BEARCA 0 2% X 85 3 FfE
1) M5 4 3% 8 A v ()37 B Ak i 67 (E
AR IEAE , HAT AR S ANJE Y M 17
8, BEEAE 0.01 mm PN ; BEHRICHD
X Sl fi B% AR R a1, 3 AR LN
NGA B IMERAEAEUE SN, T e i
RS 34 R TEARL, HAR U 8 Bl Ak
KB GUE ; BEMR AL 2000 B 9 Pl
[T L (i % e S 2o DR 2, B AR KR E
1E 0.02 mm LN BE R 00 5 i 5B
DX 383 Bl P 3 A% 38 ) T 7 Ao T 7 2%
A A% Hh 2 13 BRI 51y, U 3 ) &b v
T U A X RE AR 25PN S TR AR I
R, B 19 s DX 356 B b, TR O A
HoAA B I N WA ™ . BER T
A RS ik 111 53 3 1l 1 it 37
FHEXTFR , A F% 2 BB [R], 156 B B
M AE xoy ThI PN BRI LA I v
SRR 22 N 5 W s A8, 26
Sty s AR S F B KRl 35 0.05547 mm,

2808 A3 M AT AL, LA E ) I
1K A 2 3 22 R A 1l A A
JE#g K, Hoh L 1—2—3 38 ) i 7
R FRCOh 1-3-2 )7, L
213 P e e/ Ha B
5T I s % 0 B (B 24 - FE E 0.02 mm
PLN, Horfr DL 1—3—2 ] [ ST
MR A R ES AR T e /e ] DX
PR 4 422 LU 4 I 342 2 7 A 0 D B8

134 Wi hiEE AR - 20244556748 55 1610

AT TN, LS5 T I MRS I LA v
(] ) 79 o 8 2 7 AR AR JE BB /N, R
() A5 A7 P R R 322 42 v (e 7% A8 JF LA TR
A T A D B D T 2 42 B /0N T R
TET W03 By i e 4 s BEAR A B
PRI A2, PRI e 20 M i 7% R T
/o
42 BEWGERTE SN

BEM X,y P~ J7 1]t 202 (8] g
FEARTE B[R B , 5% A2 T [ B () A7 A
SREG A A KRN, B
[ J5 7 AR VA T R FL AR I, SR B 2 1Y)
BEC T . LA SCHFAT T m ke

0.06

fict O A B (&1 L B A 3% ) A8 HE 114 43
Mr, 25 e 9 fios .
5G9 A3 M nl AT, BEAIEL A
2 Fo FE EL DU A5 P B AR RT3 Y ) 45 A
TE BB T (B B, 7F A4 2% o 7305 )
FIVEFT , BENTFLE X AR He =
A TS A T - ) D0 J) 32 S22 D, [ B
S AR X 7 BE R DA S X s 3 1) AR T
Al R AR N L [ EE Al DY
Jei) DX 30k b P TR AR T i A5
AL FRHRAS, S8 A P
PN ASIE ik m ARG N IEAE . sk
S R BER A A M AR A £ L& L

0 (3000) + 1000
3 5 g
0.04 s S|+
2500 * 1500
0.02 i i i 7 s Bk
E w123 1E [T |
B0
2
E
-0.02 . ! .
AT R R
-0.04F 1—2—31F [l 1—2— 3l =] 1—2—-3 ] [ 4k
1-3-21E A i 132l 1] 132 [a]
Z 2—»1—:31’5@“@’? : 2— 13 ) Py : 213 Fh
_0'060 500 1000 1500 2000 2500 3000
BE MR %10 J) ) MR /mm
E 8 FBRMEIASER ML
Fig.8 Local panel edge offset curve
x3 REBIEMTREEREBREX LD
Table 3 Contrastive analysis of offset between test data and simulation result mm
123 IE [l s 132 i S M Fs
L — ‘ ‘
IGHE frESS EGEE frE AR
0 -0.05618 -0.05485 -0.00178 -0.000957
500 -0.03363 -0.0319 -0.00349 -0.00456
1000 -0.00907 -0.00866 -0.00475 -0.00352
1250 0.0031 0.00187 -0.00397 -0.00236
1500 0.01105 0.00983 -0.00501 -0.00373
2000 0.0288 0.03192 -0.0064 -0.00627
2500 0.05665 0.05547 -0.00343 -0.00212
2750 -0.01029 -0.00945 -0.00485 -0.00389
3000 0.00428 0.00372 -0.00544 -0.00443



Assembly Joining %ﬁﬂﬁﬁ

SRR B G , HAR I £ X S
T A ) AT SRV B N
XoF EG IR 5 2 ) AR I 1) 1F B
KAV B AT AL o TR PN R M
AR I DX SR A/ INAR [] B [ I A7
25 H L 15253 MG
AT Xt e K, LA 2—1—3 Hhala] [ 4h
JIGE 5 1 TN B AR T X Sl /N , Aok
Tt 2 BB e T Y 32 42 1) A8 T IX 3l e
K, FLUA PN ) 9 AT X FR % 4
PRI DX el g /N 1 S DA e ] [ 21 % R
TR, BEAR NS O Al B I U1
AR fie KAk 0.208 mm, i HH 1]
PR TR S ] Bl AR fb B AE G, R
JIGE - e ] st A M1 o A %Eﬂﬁj‘c@%
SR T RE AR A2 A 1 2 h AR
%Uﬁjt 5IMBEARE IzinjzjvJ\ﬁﬂﬁ
—E, TCVS AR I A 2 B ) ﬂﬁr“
L R VR 2 22 190 2% 1) 7 i A
SRR, R WA ) V\Jz&ﬁxﬁ’m_
$2, LA a) ) SN0 FR i #2025 18
/e 9 Bl R IR L 123
AF ) ity 5 [ A 3 25 AR T e K, N
0.637 mm, LA 2—1—3 | i FM I
EE %A N, o4 0.233 mm,
30 3 A A B [ | R Al 3 [ A
TAB f KAB VR /N2 63.4%, AT ULk A
SE T BEAT B N BT . A
ARSI, 2 TR LA B A R A T2 A
S L3 T AR 3 2 e 3 B0
AT/ LA 1] PG Yo} R 2 42 25
TR L [F] PRAE T — i, T AATRT B
B 5 AL 1y A% R 32 2 {45 ) Bt 1)
WAt A% 3B U 55, 2 IR, PR e X
TR aZE 42 v LA v ] [ A1 225 A 1)
PRI B A AR A
43 BEWRIEELR A4 HT
TN bl R AR I ) K
M IR 2377 A —E TR 1 AR
T 5 S0 Al 2 T AR A 0 ) 4
MG O, R B AR T . AL
ARSCHEAT T 9 i BT T BE AR e
(MK SERL RS P I A P R
[ 10 s o
F &1 10 AT AT, Jin 4 Ak PR S AN [A]

N SO T SE S A RN &
AL 2SS, DL 2—1—3 th[a] i) 4h
DTy 325 e 7= A ) Jee R A ff e/ N, ol
262.377 MPa, L) 1—3—2 Hifil] [f] N
UGt 326 42 7= A ) e RN LR R, R
266.895 MPa. i il ) 9 Ff £ [ i
¥ L 7153 A5 2 BEUARARLE w0, S 24 dc
R FI B 430, 1 I B AL 342 432 0L
Xof T A A4 1N 7 43 A 1) 5 M) R X A
AN Ry E AR R T R ) A AR TE
BEAR L) X3, HE Ay DX 3y 7 4 v
(R N e =4 L i DG A T
(261 TP %o L&) 7 3 43 A7 5 Wi 1 10
PEPE 153 B A 1#.2# 34 124 1L
BEAT 43T, 2 11 B 1Y 9 g
B~ 1424 3# £LJE N S o A
=l

Hy P 21 A 1) X B T, 4% PR
1—2—> 31— 32 fFRAE
B CRN SR B 1 5 3R ), 3 Fligi e 5%
I BT ALy o KARAR ] 5 i
ML 2 5 B AL N A S
SUNUAR S TRV 4o R N [ P A
T 1y F18 2 T o i e LR N A
BRI, B ) X He 4B Rl i, 3
WLy L B A3 3 A A e 25 5, b DA
PR 1) AT 5 24 FL L L4 5 4
PRI 1 B/, 16 B 25 3 A I
BB X TG %o O A — o 5
g5 L, R BEAR TR BRI
B[ L XoF 7 3 43 A ) 5% T R 6 A
JIN TR UEAR LSS I 3 43 A RN #
IRTEZS 8] B AT A R, 1A

T AL B L T A BEAR S 14

(a) 1523

(b) 2—1-3

(c) 1532

B9 EBEREEIERTHZE(mm)
Fig.9 Cloud map of normal assembly deformation for panels (mm)

(a) 1-2—-3

(b) 2—1-3

(c) 1532

10 EERERAE A =E( MPa)
Fig.10 Cloud map of assembly stress for panels (MPa)

20244E 55678 M 1610] - RLAERER A 135



SPECIAL TOPIC

(a) 123

(b) 2—1-3

7 f1IMPa
266. 420
97.180
35. 448
12.930
4716
1.720
0.628
0.229
0.083
0.030
0.011
0.004
0.001

(c) 1532

B 11 ERFLEERE = E
Fig.11 Cloud map of hole perimeter assembly stress for panels

[F it P2 0[] it g 3 DD AR G , 1AL
JEIASCAE 5 R A 22 fh P4 8 A7) A= B3R
IS 3, B T i A 4R e, L7 (LR
i (O PRI T 00 R 2 2 A A
T RPES S B BB R e
A 22 TP 40 2 B A 5 BRI 14 i B
FF-, DRI A 8 B PR Ty AT o T
P fi A2 A A S JE 45 25 (] AR T Al 2
SEELN T SR Rk A B 22
SEAE AR SRS S AL,
BRI ) 2R

5 &g

(1) I LI [ Ty 5 T A
BEM WAL B K, Ll 1-2—-3
L Ly 3 2 g K, Hoax B Y
TS EE S RAFTE 0.02 mm LIV,
Ly VN iy B A 0 % 58 H b 7 5 1)
TFE T, T S nAs i 2 bR
ol R S 57 A N E AR, U I B A A
xoy Tfi N B = B R B R LA A L b
RN R [ 22 D5 % ARG | 26T vif
SRR R RTIA 0.05547 mm. &
XHRFEARTE | R 12 LU e 7
ey R AT HE N | AR B WAL 5T
¥ LA ] [ S NE BRI A TE TN

(2) i o BE AR A2 A ) A
BB LS R o R A O £ v R

136 A B E AR - 20244556748 55 1610]

G, Hogx i it X N AR T 43 A 5
5], DL 1253 1F [ 7 % i
G AR IE AR, O 0.637 mm 5 LA
2—1—3 i [a] [u] ]I B 2% 7
AT e/, Sl 0.233 mm, B
B AT FRIE 2 077 R A4 5 ] L 42
FPARUR R T ) AR T /N, el AR iR A
SR, 325 1) 28 TP AR e KRR /N2
63.4%, 7] U, ek A% K Y A A5k
INBEELARTE , WA 2 LA Hp ] ) A1
AR AN i) AP S A IR

(3) IR 5 WAL X [T
XoJ R A R A 1 7 B I 50 5 M A X
BN, Lh 213 v [a] [a) S0 1%
FEF () e RN I B fe /N, Ry 262.377
MPa; DL 1—3—2 P[] Py I 1%
FE () e RN I f K, R 266.895
MPa, 5 [ I %o W2 4 FLFE B g 43
A7 FIVBE B 45 K4 77 25 1] L 1 A8 T 5% 1
R LR 104 5 (R B i
JEE R B 2 2 DA G, 1 LR AE
SRR B A R AN AR R T, B
5 ] Bt i A v, IO (BRI 3o ()18
Rl iz i K o

A SRR S EL R 1) 9 Ff X [
NPy 3 A S AT AT, Jm e R
W AR T AR PR, BE
M A A T o i A AR T2 [

B 1 52 e T e A e LA
TE—7E A1, 38 2k B [T B 8 A
A2 S B A

& £ 3 #f

[1] BARAN I, CINAR K, ERSOY N,
et al. A review on the mechanical modeling of
composite manufacturing processes[J]. Archives
of Computational Methods in Engineering: State
of the Art Reviews, 2017, 24(2): 365-395.

[2] BATUWITAGE C, FAWZIA S,
THAMBIRATNAM D, et al. Durability of
CFRP strengthened steel plate double-strap
joints in accelerated corrosion environments[J].
Composite Structures, 2017, 160: 1287-1298.

[3] SODERBERG R, WARMEFJORD
K, LINDKVIST L. Variation simulation of stress
during assembly of composite parts[J]. CIRP
Annals, 2015, 64(1): 17-20.

[4] DHOTE J X, COMER A J,
STANLEY W F, et al. Investigation into
compressive properties of liquid shim for
aerospace bolted joints[J]. Composite Structures,
2014, 109: 224-230.

[6] WHER . EAMEAG PR R
YRI5 4347 [D]. K3« R TR
2018.

ZENG Xianggian. Modeling and analysis on
secondary-damage of composite bolted joints[D].
Dalian: Dalian University of Technology, 2018.

[6] CHENG L, WANG Q, KE Y L.
Experimental and numerical analyses of
the shimming effect on bolted joints with
nonuniform gaps[J]. Proceedings of the
Institution of Mechanical Engineers, Part C:
Journal of Mechanical Engineering Science,
2019, 233(11): 3964-3975.

[7] YUE X D,ANLL, CHEN Z T,
et al. Effect of preload and shim types on the
mechanical properties of composite-aluminium
bolted joints[J]. Proceedings of the Institution
of Mechanical Engineers, Part C: Journal of
Mechanical Engineering Science, 2022, 236(2):
1099-1118.

[8] CHANG J H, LIU X, YANG Y X,
et al. The influence of the assembly gaps and
tightening operations on the stress distribution
during the assembly process[J]. IOP Conference
Series: Materials Science and Engineering,
2018, 408: 012008.

[9] LIUCN, LI'Y, CHENGY, et al.
Investigation on deformation of composite



Assembly Joining %mﬁ%

multi-bolted joints considering influences of
hole-location errors and installation sequence[J].
Engineering Failure Analysis, 2022, 140:
106592.

[10] POGARSKAIA T, LUPULEAC
S, SHINDER J, et al. Optimization of the
installation sequence for the temporary fasteners
in the aircraft industry[J]. Journal of Computing
and Information Science in Engineering, 2022,
22(4): 040901.

[11] KAPIDZIC Z, NILSSON L,
ANSELL H. Finite element modeling of
mechanically fastened composite-aluminum
joints in aircraft structures[J]. Composite
Structures, 2014, 109: 198-210.

[121 w#, Z&k, BIEE, 5. 5
AMEXTBRLT 2 | REW B G MR -G 4
WA T A AR I [J]. AR
2020, 37(9): 2183-2199.

YE Xin, AN Luling, YUE Xuande, et
al. Effect of gap-filling compensation on
mechanical properties of carbon fiber/epoxy
composite—aluminum assembly structure[J].
Acta Materiae Compositae Sinica, 2020, 37(9):
2183-2199.

[13] REBH¥E, WML, WA, % T
ABAQUS [ CCF300 Hik £F 4k J2 4 M A% 3 ulr
A IR B A [3]. 52 T LB, 2017, 35(4):
27-32.

XIONG Mingyang, XIANG Zhong, HU
Xudong, et al. Numerical simulation of low
velocity impact failure of CCF300 carbon fiber
laminate based on ABAQUSIJ]. Light Industry
Machinery, 2017, 35(4): 27-32.

[14] XU W C, WANG D F. Static and
dynamic impact performance optimization of
CFRP/AI bolt joint coupling structure—lay-up—
connection parameters[J]. Archives of Civil and

Mechanical Engineering, 2022, 22(3): 118.

[15] FRbRUEgm L . bR g |
2R ) A 0], FiasbrifEdk | 1981(3): 1-4.

Department Standard Establishment Group.
Introduction of ministry standard “high lock
bolt and nut” [J]. Aeronautic Standardization &
Quality, 1981(3): 1-4.

[16] MCCARTHY M A, MCCARTHY
C T, LAWLOR V P, et al. Three-dimensional
finite element analysis of single-bolt, single-
lap composite bolted joints: Part I— Model
development and validation[J]. Composite
Structures, 2005, 71(2): 140-158.

[17] FAROOQ U, MYLER P. Finite
element simulation of carbon fibre-reinforced
composite laminates subjected to low velocity
impact using damage induced static load-
deflection methodology[J]. Thin-Walled
Structures, 2015, 97: 63-73.

Analysis of Deformation and Localized Stress During Gap Compensation
Joining Process of CFRP Panel Bolting

MENG Qingxun', XU He', ZHANG Hui’, LIU Chao', LIU Tianpei*
(1. Shenyang Aerospace University, Shenyang 110136, Ching;
2. AVIC Shenyang Aircraft Industry (Group) Co., Ltd., Shenyang 110034, China)

[ABSTRACT] Carbon fiber reinforced polymer (CFRP) is widely used in aircraft panel structures. Due to molding
process constraints, there are varying degrees of assembly gaps at component interfaces. In engineering practice, when
the gap exceeds a certain threshold, gap-compensation measures are required. The panel assembly experiences complex
deformation and stress concentration after gap compensation, affecting subsequent aircraft operational performance.
Therefore, simulation analysis and experimental verification on the impact of bolt fastening sequences on CFRP panel
assembly quality after gap filling are conducted. Analysis reveals that the panel offsets with a rotational deformation
centered at the upper right endpoint towards the lower left. Normal deformations occur on both sides of the panel and
around the bolt holes, with the maximum normal deformation value decreasing by approximately 63.4% when changing
the bolt fastening sequence. The fastening sequence has a minor influence on the overall stress distribution of the panel,
while significantly affects the stress distribution around the bolt holes and the distribution of panel assembly deformations,
favoring symmetric joining over sequential joining. The stress distribution around the holes is closely related to the gap
span and amount, increasing in magnitude and range as the gap amount rises.
Keywords: Gap compensation; CFRP panel; Fastening sequence; Assembly deformation; Stress distribution
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Fig.8 Testing instrument and results
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Table 4 Riveting hole diameter mm
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4.13 4.15 4.19 4.16
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Table 5 Requirements for riveting hole diameter deviation!? mm
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Fig.9 Schematic diagram of riveting experiment
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Table 6 Comparison of riveting
interference amount

Bl P BORRE | BCkEAR

P 3 % mm mm
fiiE 1.733 2.338 5.667
r s 2.035 2.256 5.882
W 0.302 0.082 0.215

K7 OEIZSHHEE

Table 7 Values for riveting process

parameters

T WE | kx| Safr
E./GPa 72.4 7.24 Normal
ta/mm 2 0.02 Normal
D,/mm 4.1 | 0.00615 Normal
Oa 0.33 | 0.0165 Normal
L/mm 10 0.015 Normal
D,/mm 4 0.006 Normal
s/mm 3.3 | 0.00495 Normal
E/GPa 73.8 7.38 Normal
0, 0.33 | 0.0165 Normal
Do/mm 4.3 0.00645 Normal
to/mm 3 0.03 Normal
E,/GPa 112 11.2 Normal
E,=E./GPa | 8.2 0.82 Normal
G,,=G,/GPa | 45 0.45 Normal
G,,/GPa 3 0.3 Normal
01,=0q3 0.3 0.015 Normal
V3 0.4 0.02 Normal
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Sensitivity of Riveting Parameters of Heterogeneous Laminated Composites
Based on Moment Independence Method

YIN Junging’, SUN Pengtao', GUO Yurui*, ZHANG Yizeng', GUO Feiyan®

(1. Xi’an Polytechnic University, Xi’an 710600, China;
2. University of Science and Technology Beijing, Beijing 100083, China)

[ABSTRACT]

In order to solve the problem that the riveting process of carbon fiber reinforced polymer (CFRP)

and metal material laminated components is more complicated than that of a single material, a method for sensitivity
analysis of the riveting process parameters of laminated composites based on the method of moment-independent PAWN
is proposed. Firstly, taking CFRP and aluminum alloy (Al) heterogeneous laminated composite structure as the research
object, the simulation and analysis model of riveting CFRP/AI laminated structure is established by using the finite element
method, and the correctness of the simulation and analysis model is verified by experiments. Secondly, a proxy model of
riveting process parameters based on the random forest method is established with the riveting interference amount as the
target; furthermore, data extension is carried out through the proxy model, and a global sensitivity analysis based on the
moment-independent PAWN method is carried out with 17 riveting process parameters as input variables and the riveting
interference amount as the output variable, and the sensitivity coefficients based on this method are given. Among the
global sensitivity coefficients of riveting process parameters on riveting interference amount, the sensitivity coefficients
of elasticity modulus and thickness of the heterogeneous laminated composites are 0.16921 and 0.11837, respectively,
followed by the coefficients of 0.012 for the displacement load and 0.011 for the rivet diameter. The values of other process
parameters are small, and the sensitivity coefficients of some parameters that have insignificant effects on the riveting
interference amount are close to zero.
Keywords: Laminated composites; Finite element method; Riveting interference amount; Random forest proxy model;
Global sensitivity analysis based on moment independence (g ®Mh)
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Study on Effect of Riveting Sandwich Clearance on Vibration Fatigue
Performance of Single-Lap Riveted Joint

ZHANG Hui, PAN Xin, ZHANG Yongliang, WANG Hui, BAI Jipeng, DU Jie
(AVIC Shenyang Aircraft Industrial (Group) Co., Ltd., Shenyang 110034, China)

[ABSTRACT]

In order to explore the influence of assembly clearance on the vibration fatigue performance of single-

lap structure, an elastoplastic finite element model of metal riveting joint of local structure in aircraft engine air intake is
established by using ABAQUS software. The Johnson—-Cook failure criterion is used to simulate the progressive failure
behavior of rivets and connected parts, and the stress distribution and vibration fatigue life of riveting joint considering
different assembly clearance amounts are obtained. The vibration fatigue test is carried out on single-lap riveting joint,
and the experimental results are in good agreement with the simulation results in terms of fatigue life, which verifies the
accuracy of the numerical model. Compared with the model without clearance, the vibration fatigue life of riveting joint
with assembly clearance is significantly reduced by 4.7%-18.0%. The existence of clearance also leads to the transfer
of extrusion load between adjacent rivets during riveting process, which is generally expressed as the stress surge at the
contact interface between rivets and connected plates, leading to differences in residual stress fields of riveting joint with
and without clearance, thereby affecting the vibration fatigue performance of riveting joint.
Keywords: Multiple fastener riveting; Single-lap joint; Assembly clearances; Stress distribution; Vibration fatigue life
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