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Precision forming and parameter optimization for aircraft inner
skin part with variable curvature
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Abstract: In order to promote the rapid manufacturing of aircraft sheet metal components with complex curved surfaces, for the aircraft
inner skin part with variable curvature, based on the stamping and deep drawing technology, the precise forming of part was realized by
designing reasonable process model and combining with the finite element analysis method. Then, taking the thinning rate of part as the
target response value and the blank holder force, friction coefficient between die and sheet and friction coefficient between blank holder
ring and sheet as the optimization variables, an orthogonal test with three factors and five levels was designed, a BP neural network surro-
gate model was established. Furthermore, the best process parameters combination were solved by the particle swarm optimization ( PSO)
as the blank holder force of 607 kN, the friction coefficient between die and sheet of 0. 20 and the friction coefficient between blank holder
ring and sheet of 0. 13. The results show that the thinning rate and forming quality of part are improved by using the optimized process pa-
rameters to conduct the forming simulation. The average absolute percentage error MAPE between the predicted value of the simulation
model and the actual value is 2. 49% , which meets the requirements of optimization accuracy. At the same time, the optimized parameters
were used to carry out the process test, and the qualified parts were formed in one time, and the relative error between the actual thinning
rate and the predicted value of the simulation model is less than 4. 8% , which verifies the accuracy of the simulation model and proves the
effectiveness of the optimization method.

Key words: inner skin part with variable curvature; blank holder force; friction coefficient; BP neural network ; particle swarm optimiza-

tion; thinning rate

PG LM g A R, BAAEARER, Wik, See Ul SR
PRI A2 A =i s ok i T I, AN A

WA R 2021-11-30; EiTHEI: 2022-03-02 FEEMEEA T RE, W ORE S A R YRR RE
HE&TH: ;ﬂli)llﬂé‘%‘[%%%‘ﬁ%fﬁlﬁtl <2019ZFSY0050> HA K I B P i i, S
A, < - S =) 2 N N Ly S, > \
PR TV (097 S FERE IO A B i i R R K, 42 ki
-mall ; XJupup . com /\ R . ; N Ll:‘“ - []‘ 5
B B (1975-) . B Mt HIHE TR A 4 A 2 P B 3 AR S Vi e T 2 Bl T i T

E-mail: xie_ yanmin@ swjtu. edu. cn g E,:J Eélg y X *EF g% /ﬁ\‘l‘i E/‘J Eié L Wﬂﬁﬁiﬁ/; 77755‘ H



LR

RBEAAE Pz AR AR A S B E PR B U S e 117

AL, T OB Hof T2 05 A BE OB 51
MELUSIE AT, FEEINA R ENL 43 17 200
P BEERE M S P R R, & PR
AR ROR | AR R OB PR RE S T S e A
K, MivtE T 2 WAFAE e i 22 | BORR, A
e liA T . MU P RE 22 45 W SR, kLU 2
RS B P TR, R, % T2 A
JEE MRS N E RIS, A E E R N
o 00 T 35 1Y R R LR

02 25 W T A5 8 K 11 1) B 2 28 1 o) 24 M0 2
SRIHECTF AT R — KHE R, & R ENL SRt
Bt Fir TEAE AT 8 o6 AR IR U T R R, 3¢
Bk (3] ~3Cik (9] FIFHFERBLR I BRI H
T RIS, W RS T E OB ERE;
BR[10] ~3CHk [12] BT RO HEOR, it i
EAHR T #8555 A RoTHR, e
W IESERIERAE, S TR IR 2R
TR AE 8 R O A B A ) T X
frimisaift, #2175 R X HiE BT, Wl
DISIE A DHEZR M, Guo Y H & H5E T 2
RS ST IR T W IE R, # T — &)
Vil RSB EA K ERY I P T 5000 b R o e 2ot
PP IV

1R ge  TARE A ) R — R H] B LA D7 v AN
IR i AR AL Iy vk S 42 B — s i LU 15
T2 S, I8 50 15 2 55 20 2 806 1 Y
EbRE, 5fa il R R 1 —H S8 e 445
o LA I2 45 G A BRI/ B SR Fn e A
AR, S AR A ks i A S B0 2 WA
FROCEAIF A B AR, ZIEH AR R EL R,
M E AT, B IT ¥ RN T A
M IR, fE—aE PR B T Ik R
HERE, (A BR T 5 A I ) A AT SR AR 15
7T LA A A e 78 2 0% 9 D0 %o 235 2R 1) 52 i AR K
AR TEER A MRV, BEE AR B A W7 A
R AR AL A BRITH A DL KR T BE AR5
ERUE G AR 1 J5 2Bk B2 0Gm , H HIY
PRIEFAIAIFE Kriging B | {45 (Back Propa-
gation, BP) FHZEMIZEEIRY i TE ( Response Sur-
face Method, RSM) A& %Y FI4% [n] & ( Radial Basis
Function, RBF) Hfi £ W25 51 A1 5 T % BE
AL s R HEOLILSA % (Particle Swarm Opti-
mization, PSO ). 1% & B 7% ( Genetic Algorithm,
GA) . W HE 7 (Ant Colony Optimization, ACO)

2 4y 3k 4k B ( Differential Evolution Algorithm,
DE) . BP fil12 0 25 R A3 o A5 0 A Bili i 28 7T 1Y
by, EIgRrh A RreE S i, BAT RAFIEL
Wbt RE Ty, 1 H AT RS 0 A BB B2
T ARt TR )R, PSO J 3k & B4 3
AR, B SRR E1Th, A BRM 4R
Kieh, ASEUD 5 T8, ST R ik,
RGPS TR SF O, P, BP MR [ 25 150 A
R PSO B2 I F TR A A, sk 20 2
SET IS T PR RSB AR SO e g S0 i BP
M2 PZEASERY Il s AL R X BP M2 0 2% F
fitide, FRECT BRARAY R ST 4R, Xie Y M 2517
I 57 PR IR 2% 2 L1k BP #2828 A {1 199 11
P& T BP M2 W 8 TEAS [F] 48 BE B SRT RE 7, I AR
DI T3 C AR b T 228k, W4
TP A R A

VERSCHERHLIMR S S N B A1, NS %
15 () s il W0 B 52 e R T HLRAT — 5 5 B S I
PERYER XA R % A BA A2 i 5
ISR S5 I AR, TERIE i F b B th B 3L 45
BRpE . ASCEET s ERIREOR, i d#r 2 &ikit
AR R, A5 B AT BRIT/M T 4K AutoForm SR %
PERBCRHEIARY DU 2 728 it 38 N 52 B Z A4 R ot
FENG, @A RIT i B RIS A L, B
ARG ZAE G 8 T A28, IR %
TESHUOTE AL, JEMZE BP 2 M 454y
AR MR RL ok AL SR (PSO) IRABTS
BETZSHHE, WHEET ZSHH G T
FRY, IR 7 B4R 5 S BR R 45 R AT X 1,
R T %07 A RO S HERR A

1 EHEREE

1.1 MREE

FHFEM R 0 5 2024 &S WM (1147),
JERES 2.0 mm, B 7R P AL F Hh bR B 2
495 CIARIR, 455 L R A K Rk, BUH A
FUAVKARHEAT B RS R HE, BRI N -18 C,
53 W AR 2024 555 ok RGRAAE il ak xR
FESEATIIE, 53 W B E &R TEES
B, mE1R,
1.2 FHEHYSE

AN S FARES AN 1 s, FERST R
610 mmx520 mm, =¥ K 105 mm, THHEE R EEAAR R FG



118 B

kO OR

A7 4

K1 2024-WsREESHEESH

Table 1 Performance parameters of 2024-W aluminum alloy

Bk RFE EIRSRE BURRE RARRAL RARREIL A bk
J7 ] %5 MPa MPa o BB B

#1 172. 458 0.5220 876.654 0.78
0° 391. 16

#2 178.522 0.5300  882.426 0.83

#1 157. 396 0.5151  775.205 0.81
45° 363. 68

#2 166. 250 0.5211  743.857 0.84

#1 173. 567 0.5234  798.455 0.87
90° 378. 16

#2 168. 572 0.5217  806.216 0.85
FHE — 169. 461 377.67  0.5222  813.802 0.83
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Fig. 1  Structural dimension diagrams of inner skin part with variable curvature
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Fig. 2 Process model of inner skin part with variable curvature
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Fig. 3  Unfolding sizes of blank
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Fig. 4 Simulation results for thinning rate of part
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Fig. 5 Influence curves of various parameters on thinning

rate for part
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Table 2 Factors and levels of orthogonal test

K- JEi ) MBS BORHE R R S AORHE Y
F/kN PESEIA A FEHEIN AL

1 600 0.12 0.12

2 700 0.14 0. 14

3 800 0.16 0.16

4 900 0.18 0.18

5 1000 0.20 0.20

®3 EXHEAR
Table 3 Orthogonal test schemes

. FEihH MBS BRI PSR S Ok A
M F/KN BB B FEHED B
1 600 0.12 0.12
2 600 0.14 0.16
3 600 0.16 0.20
4 600 0.18 0.14
5 600 0.20 0.18
6 700 0.12 0.20
7 700 0.14 0.14
8 700 0.16 0.18
9 700 0.18 0.12
10 700 0.20 0.16
11 800 0.12 0.18
12 800 0.14 0.12
13 800 0.16 0.16
14 800 0.18 0.20
15 800 0.20 0.14
16 900 0.12 0.16
17 900 0.14 0.20
18 900 0.16 0.14
19 900 0.18 0.18
20 900 0.20 0.12
21 1000 0.12 0.14
22 1000 0.14 0.18
23 1000 0.16 0.12
24 1000 0.18 0.16
25 1000 0.20 0.20
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Fig. 6 Positions of thinning rate test points for part
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Table 4 Partial response values of orthogonal test

e WA

Fe o1 2 3 4 5 6 7
2 57 52 60 35 42 3.1 4.4
6 6.7 6.1 7.1 3.8 44 3.2 4.3

15 8.1 7.2 8.8 4.3 4.9 3.5 4.9
19 9.0 8.6 9.7 5.4 5.3 3.8 5.5

23 8.1 7.0 8.7 4.2 4.9 3.7 4.8
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Table 5 Parameters setting of BP neural network
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Fig. 7 Training error iteration of BP neural network
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Table 6 Main parameters setting of PSO
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Fig. 8 Iterative fitness curve of PSO
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Table 7 Optimum process parameters
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Fig. 9 Comparison of thinning rates for various models
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Fig. 10 Distribution diagram of actual thinning rate for part
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