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Bonding assembly technology for wing surface structures based on tolerance allocation and deformation

compensation
SONG Yunhe', ZHAO Yong', SONG Yanhua', SHAO Xiaoqing', HAN ming', JU kai', HU bin', BAO Yidong’
(1. AVIC Research Institute for Special Structures of Aeronautical Composite, Ji'man 250023, China; 2. Nanjing University of Aeronautics and Astro-
nautics, Nanjing 210016, China)

Abstract : To address the complex design, stringent requirements for assembly interfaces and aerodynamic profiles of next-
generation aircraft wing surface structures, and the difficulty of traditional processes in meeting high-precision demands, a bonding
assembly technology based on tolerance allocation and deformation compensation was conducted. The out-of-tolerance issues of
traditional processes in key indicators such as profile, aerodynamic shape, installation interface opening, thickness, and first beam
flatness were systematically analyzed, and a full-process design method based on tolerance allocation was proposed. By identifying
core processes and control points, establishing tolerance allocation tables, and introducing error compensation and closed-loop feed-
back mechanisms, the rational transfer of manufacturing errors to non-critical areas was achieved. An innovative shared-datum
collaborative assembly-bonding process was proposed, in which the first beam participated in the entire riveting and bonding process
via production screws, ensuring datum consistency. A sequentially coupled thermo-chemical-mechanical simulation model was estab-
lished to accurately predict the deformation behavior of the first beam. Based on the simulation results, the deformation is compen-
sated by pre-setting the mold in the reverse direction, reducing the maximum deformation of the first beam from 3.0 mm to 0.6 mm,
a reduction of 80.0%. Final manufacturing results show that, with the proposed approach, all critical requirements are satisfied such
as profile accuracy of —1.0 to 0 mm, aerodynamic shape accuracy of —0.5 to +0.8 mm, installation interface opening accuracy of 0
to +0.6 mm, thickness accuracy of +0.2 mm, and first beam flatness accuracy of —1.0 to 0 mm.

Keywords : wing surface structure ; tolerance allocation ; aircraft assembly ; composite materials ; cure deformation ; finite

element simulation
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Fig. 1 Typical schematic diagram of aircraft wing structure
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Tab.1 Out-of-tolerance conditions of wing surface structure

indicators
mm
Indicators Tolérance Manufacturing
requirements errors
Edge block profile +0.5 -25t00
Cowling profile -1.0to 0 +1.0to +2.5
Aerodynamic shape profile +0.8 —-1.0to +2.3
Installation Et;rjﬁ:;zrea opening 0t0+0.6 20t0-1.0
Installation interface area thickness +0.2 -0.2 to +2.0
First beam flatness +0.5 —0.5t0+2.5
Gap between reinforcing ribs and <20 6

secondary beam

Zi bRk O — AU LR A s = 2 %
FHERR A il TP 52 (L5 T 2R il &
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’ Identify the requirements for interface indicators ‘
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Identify the core processes and the dimensions of the
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Overall scheme process design and optimization Fi
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Assigning manufacturing tolerances for components ‘
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Fig.2 Design of process plan based on tolerance allocation
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Tab. 2 Tolerance allocation results

Tol /
Items Controlled dimensions olerance
mm
Paint spray- . .
. Coating thickness 0.3t00.5
ing process
Edge block contour(Before painting)  —1.2to —0.5
Assem .
Clearance between first beam and rein-
ble process L. <0.5
forcing rib
Profile accuracy(According to the
Cowling curacy( glothe 1 0t-05
process of digital model manufacturing)
manufacture
Profile accuracy of assembly area +0.1 to +0.6
Profile accuracy of rib on cementin,
Cementing Y & —0.7t0o +0.3
assembly
Process .
Clearance between first beam and skin <0.5
Skin Skin thickness 0.15
manufacture
Al bly of
Ssermbly o Profile accuracy of reinforcing rib -0.7t0 0.2
secondary
beam
Accuracy of other profiles +0.5
components
First b First beam flatness -1.0t0 0
t
st beamm First beam thickness +0.15
manufacture o .
Installation interface area opening 0to +0.6
Secondary
beam Secondary beam flatness 3.0
manufacture




150 AR

2026 4E, %5 54 4 55 6 1

1.2 FEAREM KR ENR L

G T, FRIE G v %%, R
52 [ FF EVARTE | BRI it Jon 2 75 16 07 7 TG ¥k 42 25 3|
B [, Sl B AR e R e vh 32 A0 ) 5 s
I & A0 7, S EUIm SR I 5 E B E Bk 6
mm, R APR38R R

FEFAZENRURA LI, 5% 58 B B
B L2 T X (T2 R X ) 24 AT e v o, T e
BT W, RO HE 2SR ARXT SEAL , PRl 32 152
ZE 0] [y X R, BT AR SR — A

S SRS e )7 iR 2R B
P (T2 2 ) il 8 i 2 o b T 4 11 Xl (M
B X)L, I 7E 2 - e e A el A P (R S v 5 —
S UERf . S AR A 3 Fs

S5®ETEML, BT LM FEEXHIET, £
B T AMRET S S0 S ez et B AR T gk
WEGE— s LE I TR R T2 Lo B4R 2 g
SEAL, B i 18 A R 5 7R IR 12k v i v A
B 58, e T R AR ; FER R TR
FHP- T 5 A 25 /B AR AL 45 2 T, 4 T T R i

FEMER G- AR 28, KR O R F a1 SRR .
‘ Operator training ‘ ‘ Production materials ‘ ‘ Technological documents ‘ ‘ Mold ‘ ‘ Production conditions ‘

|

Cementing

s

Profile inspection

‘ Honeycomb manufacture

Skin manufacture

Thickness measuring

Cowling manufacture
‘ Deformation detection }7

i

HeEH

Paint spraying

Functional test

Assemble

Overall inspection

Encasement

4‘ Edge block manufacture ‘

‘ First beam manufacture
‘ Secondary beam & rib manufacture ‘

L Thickness measuring
‘ Deformation detection ‘

L ‘ Deformation detection ‘

‘ Assembly of secondary beam components F—‘

|

Profile inspection

3 BT 285 L BB I 45 R i i A

Fig.3 Manufacturing processes of wing structure based on tolerance allocation
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Fig. 5 New bonding tool diagram
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Tab.3 Optimization results of indicators

Manufacturing errors/mm

Assembly interface indicators Traditional ~ Optimized
process process
Edge block profile -25t00 +0.5
Cowling profile +1.0to+2.5 —1.0to0

-1.0to +2.3 —0.5to +0.8
Installation interface area opening dimension —2.0 to —1.0 0 to +0.6
—0.2t0o +2.0 +0.2
-05t0+2.5 -1.0t00

Aerodynamic shape profile

Installation interface area thickness
First beam flatness

Gap between reinforcing ribs and
secondary beam
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Fig. 7 Curing deformation decoupling model of composites
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Fig. 8 Simulation results of deformation of the first beam

ARG ELAG AL, X 5 PR AT A, MK Hl
TARZY MR AT, M AR 1 60% X
i) A BEEATRMTS R A3 B, BARKME 7 S 151 9
JI , FER A T 8 DAk E2+0.4 mm, DA/
JE A TR 5 7R X EME+0.9 mm, LAZZ I
FASTE o A5 A Ao EL 2 i i A (15 AR B 6k
ROR  AMz2 5 A B T -5 PR R TR , Wi 1 AR
TE AR 5 A

Pre-set deformation:+0.4 mm

Pre-set deformation:+0.2 mm

Pre-set deformation: +0.9 mm
Pre-set deformation:+0.4 mm

o HEAME TSR A

Fig.9 Schematic diagram of the mold compensation scheme
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The side of the first beam's profile is concave by 0.6 to 1.3mm 1.200

1.000
0.800
0.600

0.400

0.200

The manufacturing error of the first beam opening is 0 to 0.6 mm
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Fig. 10  Scanning results of the first beam's shape
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11 SR EAS R
Fig. 11 Simulation results of deformation of the secondary beam
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Tab.4 Optimization results of the secondary beam layup

Simulati Its of
The secondary beam layup {muiation resutts o

deformation/mm
[45,0,-45,90,45,0,-45,90]s 35
[90,0,-45,90,45,0,—-45,90]s 1.9
[90,0,0,90,45,0,—45,90]s 4.8
[90,45,-45,90,45,0,-45,90]s 39
[45,0,-45,90,90,0,-45,90]s 1.7
[45,90,0,-45,90,0,—-45,90]s 1.6

TR T AR BE e AR A R E— S

QEE MBI KGR . 57
T AT ARG B AR AR R e
RN T I AF AR IR AT A o X ERADE AR,
i A H A AR, D TR X S
AR R AL TE o D7 R AM2JE ER R KA

M 3.0 mm 2 0.6 mm, [ IA 80.0%. XHHHAFE
P 1 DX, 3 i Bl 2= D0 A A DRIk 5t B2 Y [R] bR 22
M 3.5 mmJd/NEE 1.6 mm.

Q) Tt iife. RTAEZEMREAS
AHLTRI % T2 s b AT T ik, #2871
T RS RO

2 % ik

(1] F— & BR K AP Iz 5 KT e 3 w2 s
LIS FEEE L] Bl oK 5 TR, 2014, 14(20):132-136, 143,
WANG Yifei, LI Qingfei. Comparison of honeycomb core sand-
wich and stiffener forms in composite wing box design[J]. Science
Technology and Engineering,2014,14(20):132-136, 143.

(2] kb, 25K XU, 25 o as 2k R s I 2652 A ERHIY I
HERFITBERET]. S A PREFAAR, 2025,42(8):4 199-4 212.

ZHANG Jindong, LI Chang, LIU Gang, et al. Research progress in

adhesive bonding for aviation grade carbon fiber reinforced

polymer composites[J]. Acta Materiae Compositae Sinica, 2025,42

(8):4199-4 212.

(31 AT, 8222, Ft G , &5 . TKALIZ BT TR D AR B AL R T RE
EBL MR TE S 8 HI[] A= R, 2024, 67(16):14-31.
YANG Yapeng, ZHAO An’ an, DU Kunpeng, et al. Research and
application of digital high performance assembly coordination tech-
nology for aircraft composite main bearing structure[J]. Aeronauti-
cal Manufacturing Technology ,2024,67(16):14-31.

[4] FAe. UG SRR H R B R R BESE BUR S
I i AR, 2018, 61(7):26-33.

WANG Hua. Advanced composite part assembly: A survey of meth-

odologies and practices[J]. Aeronautical Manufacturing Technol-

ogy,2018,61(7):26-33.

[51 2%, 5kik, L, 55 T 4E S A MR R AR TE 0RO B X L
D). ZAMRRE 5 TR, 2023(11):108-115.



154

AR

2026 4E, %5 54 4 55 6 1

[6]

(7

(8]

[9]

[10]

[11]

[12]

[13]

[14]

LUO Ling,ZHANG Tao, TIAN Zhili, et al. Comparison of process-
induced distortion prediction methods of carbon fiber composites
[J]. Composites Science and Engineering,2023(11):108-115.

T8, kLA, SR S G BRI A g R [ A A A A AL
BARGBRGTH ] bR, 2019,33(24):4 1934 198,

QIAO Wei, YAO Weixing, MA Mingze. Numerical simulation and
constitutive models evaluation of residual stresses and process-
induced deformations Materials
Review,2019,33(24):4 193-4 198.

A, R VLN, 55 L TR A KRR 1 R SRS bR
FP TG ARTE 15 8% A2 3 (75 L W 0] €T 4R 5 bR}, 2025, 42
(6):43-49.

LI Jianjun, WANG Qiang, JIANG Peng, et al. Simulation analysis

of composite structures[J].

of curing deformation and residual stress in polymer-matrix
composite components based on a viscoelastic constitutive model
[1]. Fiber Composites, 2025,42(6):43-49.
INESE, T2 MU, 55 = AR S SRR 2 SR T fh sk 4
L JIWFFE[I). BEF J12724 4, 2016, 33(5):779-785,933.
SUN Liangliang, DING Anxin, ZU Lei, et al. Research on process-
induced residual stress for composite laminates based on three-
dimensional viscoelasticity[J]. Chinese Journal of Applied Mechan-
ics,2016,33(5):779-785,933.
TRRERE AR A R B A BT AR AR AR (1 TR R
HH T S S AR AR AL A 20 B (0], FLRTRE T 22,2022, 52(6):
92-97.
ZHANG Chenqun, BAO Yidong, YANG Zhiyong, et al. Curing
deformation analysis of large thin-walled curved composite parts
based on path-dependent constitutive model[J]. Aerospace Materi-
als & Technology,2022,52(6):92-97.
ZHANG Z X,ZHAO X Y, JI Q X, et al. An inverse method for
curing process-induced eigenstrain reconstruction of laminated
composites[J]. Composites Part A: Applied Science and Manufac-
turing,2024,176. DOI:10.1016/J.COMPOSITESA.2023.107863.
FAN S J,ZHANG J M, WANG B, et al. A deep learning method
for fast predicting curing process-induced deformation of aeronau-
tical composite structures[J]. Composites Science and Technol-
ogy,2023,232. DOI:10.1016/J.COMPSCITECH.2022.109844.
BALAIJI A, SBARUFATTI C, DUMAS D, et al. Prediction of
shape distortions in thermosetting composite parts using neural
network interfaced visco-elastic constitutive model[J]. Journal of
Composite Materials,2024,58(12):1 4391 459.
JUIRER, BT L, LA TR B BRSSP R AR B S 5
BHE A BT BN 0], 2B FRRR 2 5 T AR, 2023(10):
10-16.
YUAN Zhenyi, WEI Fangjian, KONG Lingfei, et al. Simulation
method for curing deformation of composite part considering tool-
part interaction[J]. Composites Science and Engineering, 2023
(10):10-16.
WANG B,FAN S J,CHEN J P, et al. A review on prediction and

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

[23]

control of curing process-induced deformation of continuous fiber-
reinforced thermosetting composite structures[J]. Composites Part
A:Applied Science and Manufacturing, 2023, 165. DOI:10.1016/J.
COMPOSITESA.2022.107321.
LIMAYE M, MORGAN D, MAKARAND DESHPANDE A, et
al. Use of Non-Isothermal cure cycles for reducing cure induced
deformation in laminated composites[J]. Manufacturing Letters,
2024,40:121-124. DOI:10.1016/J.MFGLET.2024.03.016.

PEAR, A 5L T2 5 AR I A A2 T2 BB J2 U416 A6 D5 1],
EPMWJ;&,ZOIO,ZI(IS):I 859-1 863.
PANG lJie, JIN Haibo. Stacking sequence optimization method
based on cured deformation of composites[J]. China Mechanical
Engineering,2010,21(15):1 8591 863.
FIEOE, VAL, XU B, SF KRR SZS A RHIRTE A AT Y [ 16 2T
HMEBETE[]. A PRREA 5 TR, 2023(5):108-113.
LU Zhengbin, SUN Wei, LIU Lu, et al. Research on compensation
of curing deformation of large size composite hat truss[J].
Composites Science and Engineering,2023(5):108-113.
AL, /I /NI, A — Rl L AL A ] i
H I AME J775:CN 115146503 A[P]. 2022-10-04.
HE Liang, XV Xiaowei, WANG Xiaokai, et al. A mold surface

A

compensation method for inhibiting springback deformation of L-
shaped composite material parts:CN115146503A[P]. 2022-10-04.
W3, Ze/ N e A R S RS R [ AL AR I 7 2L
U SRR ] THUM R T 22,2024, 54(2):54-61.

YANG Zhiyong, ZUO Xiaobiao, FAN Chunhao, et al. Simulation
prediction and control verification of curing deformation on
typical composite structure[J]. Aerospace Materials & Technol-
ogy,2024,54(2):54-61.

B AR, oK AE , TR, A5 R A AR R B AN SR
NS TR IE[]. B A A RERRE 5 TR ,2023(11):49-57.

BAO Yidong, ZHANG Heng, ZHANG Huijie, et al. Research on
composite material forming mould compensation and component
adaptive adjustment method[J]. Composites Science and Engineer-
ing, 2023(11):49—57‘

HRIK L, LR, BB R E P OB A B T [0]. s
?ﬁdi@&ﬂi,2022,65(18):3845,62.

ZHANG Yongliang, JIANG Jiefeng, BI Yunbo. Aircraft determi-
nate assembly technology and its application[J]. Aeronautical
Manufacturing Technology, 2022 ,65(18):38-45,62.
TR, T Al BE T SC I AR AE A LI R
U] TR AR, 2022, 29(3):300-308.

ZHANG Yongde, WANG Qing, YANG Weifeng. Wing docking

AR 22 i

tolerance allocation based on key measurement features[J].
Chinese Journal of Engineering Design,2022,29(3):300-308.

LUPULEAC S, SHINDER J, PETUKHOVA M, et al. Nonlinear
tolerancing: Variation simulation for multi-station assembly with
compliant parts[J]. The International Journal of Advanced Manu-

facturing Technology, 2025, 136(3): 961 — 981. DOI: 10.1007/



R, 55 TR P22 0B LT AME R BRI 25 A0 e LR

155

[24]

[25]

[26]

S00170-024-14884-Y.

WK e b, BRI LA R S PR E O 22 0 M 5 42
ST HE R[] s dil i F 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.

ZRTE AR A, 5 R TRHL G BRI B BE AR T
PRI PR B IE L] B A ARkl L 2022,39(9):4 310~
4318.

LI Dongsheng, YANG Yingke, ZHAI Yunong, et al. Research on
shape and force control technology for commercial aircraft CFRP
fuselage panel assembly[J]. Acta Materiae Compositae Sinica,
2022,39(9):4 3104 318.

R0 AR SR, 45 . CFRP BEAR BRI IR B A M 1 S 10 A
Ko JarERR 1 AT (0] s diliE R , 2024, 67(16):130-137.
MENG Qingxun, XU He, ZHANG Hui, et al. Analysis of defor-

mation and localized stress during gap compensation joining

(EEE 146 T0)

[25]

[26]

[27]

AL A, X 5E 45 i iE D Re S A A R A g R
ST SO E A MRS TR, 2026(2):85-91.

LI Songming, YANG Shengshu, LIU Yushun, et al. Electromag-
netic performance analysis and optimization of curved function-
ally composite material structures[J]. Composites Science and
Engineering,2026(2):85-91.

TEAH A, R, A ST Je N D A A Y ) AR
PEREVEECBEIH[I]. LB T AR2441, 2026, 62(4):342-354.

DING Xuegang, YANG Lixin, LI Yanbin, et al. Matching design
of mechanical-thermal-electromagnetic of honeycomb sandwich
absorptive/transmissive structure[J]. Journal of Mechanical Engi-
neering, 2026, 62(4):342-354.

SR X B SRR (4 WG P RE TN (0], E IR
1998(1):21-24,33.

[27]

[28]

[29]

(28]

[29]

process of CFRP panel bolting[J]. Aeronautical Manufacturing
Technology,2024,67(16):130-137.

ELISEEV A, LUPULEAC S, SHINDER J, et al. Modeling and
analysis of hybrid bonded-bolted joining in large-scale aircraft
assembly[J]. The International Journal of Advanced Manufactur-
ing Technology, 2024, 135(11): 5 715 -5 731. DOI: 10.1007/
S00170-024-14839-3.

ZEE B, o, Bt 0T, 45 R0 22 XA 57 T SEPE AR A Y
R[] s Bl AR, 2022, 33(3):106-110.

LI Guochen, WANG Qiang, ZHONG Guiyong, et al. Influence of
assembly tolerance on fatigue reliability life of aircraft structures
[J]. Aeronautical Science and Technology,2022,33(3):106-110.
SRORME, EIRE, TS, SRR A A LT - B RORZS X
IRAEVERERIFZ IR [D]. A2 2441, 2025 ,46(12):27-60.

GUO Feiyan, YAN Qun, ZHANG Yongliang, et al. Influence of
assembly geometric and physical properties of aircraft composite
structure on service performance[J]. Acta Aeronautica et Astronau-

tica Sinica, 2025,46(12):27-60.

WU Mingzhong, LIU Huaizhong. Prediction of absorbing proper-
ties of radar absorbing materials[J]. Aerospace Shanghai, 1998(1):
21-24,33.

APRFE , S AT T AT X R A S L R B S S
U] AT R 225412, 1998(4):36-38.

ZHAO Zhensheng, WU Mingzhong, HE Huahui. The reflection of
obliquely incident electromagnetic wave to radar absorbing mate-
rial[J]. Journal of Huazhong University of Science and Technol-
ogy, 1998(4):36-38.

HREAE A R B MR L RIA L M B TR B M. Ab T R
SRR, 2025.

CAO Qunsheng. Theoretical basis and electrical performance

engineering design of radome[M]. Beijing:Science Press,2025.



