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Table 1 Fixture layout design parameters of weakly-rigid thin-walled workpieces
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Fig.3 Fixture layout optimization flowchart
based on finite element method
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Fig.8 Flowchart of fixture layout optimization method using genetic algorithm
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surrogate model

WRGLEMRBCASIE , 2 T —Fh
T2 TR BB B BEAR BRI
A SR AL TT i, IRAETR A 1 201 i
TR, 8 5 2y BEAR S T2k
A FRITERL, A58 TR T 24k 52
PEAG R T A BERR VAR BE . AR5 I
fire/N Sl A5 i ESr T T
HESk SCHES RS BEAR ST AL BE 22 8] FY
Z oI A, AR TR T2
Bk SR . T AaE M LI
BEQF 2 M T AR R G S TAIT
i Jr it s i i 2 oo ARtk ml
VA7 12 ST AR BE 1 1) fie KA T
SIS AR AR BB I T A 15
AR, AT, SR AR A
F4 75 12K 22 F b T ASE R e A g o
FIARTIIAR AL , R s A 5 ik AT
AT, TS B BE A ) 4%
BATTA SRy o SR ORIIE i 5 42 AR A
BEAUAREE &, Yu 55 B @Sy T
AN S H S WA AR Z [ —Fy
22 T L TS TR , e I o
HoJe BAi Ry iteAr 104k

W 37 T A 8 ) A 47 T 80 B
WA T LI, RGENE IR,

128 izl HA - 20234F 5B 668 55 1410]

Wz, R S T, ]
iy ELAL A B FEAS L BE A SRy T R A
PU AN B Lt 0 PR & 1S it
AR A B AR e HA R P A TR L
(EORXS TR AR 2 A ) i 4 B
At SR A IR, oL B 8 R AN

M2 TTIE o
22 RAANIHENZHZERS
L%

N T 22 ) 4% ( Artificial neural
network, ANN ) JZBLHLA ik fif 28 &
G R A=A BALPRALI 0 —Fh &
R B2 ELA 38 A T R AT 40 A 5K
SOBLINIE =28 BN E 7 R AN S B AN 2215
I RGERE A A R &
etk Bz TR 20y T
AR, HECh Ik, SRR R
] A543 S U R 1) 22 J2 s 242 0
#%( Back propagation neural network,
BPNN ) j&Je HAn /A b iz it rh i
TR )z Bl N T 2 o 4 2 Y
(K22),

X FAMAE RS BP MR
R G At R e e
B HEATRAL, DA IN LB
%L e AT, Vasundara 25 ™ Fy gt T
BP i1 28 X 45 S il A [l e B A Jay
T A By e K A8 . Selvakumar
2 BUR A BRICE TR AE T4
TEANEJE AR s N A TASE , 36
TS RAE RN GRFE AT, #  BP #f
25 28 ALY | I Je 45 A e R e
P AR BT S g T AL, LA
s/ MEIe B AT Ty 5 R A TA
HRPAPEARIE . 25 E AR PR Qin™”
SEEEXTHE S T RE (1Y) 2 e e ) 7
(Kl 23) g7 =27 BROT AL, I 7]
A BRIT AR BN e A s SR G 15
Bl BP #1258 9 45 1 A 214 5 fig
ST TSR E I B IS TN
FEAN IO B 5 A I AR Y Z [a] ) R
e BIRL eSS, DATERE (Y B
KBEIARIE hy E b R B, B st A% 5
P AT R Ak, Lu % ©Y
TEAT BRIT o BT (4 Ll L, %57 BP i

2 L5 AR TR0 AN [R] e EL A Jey AR
] 58 (0 AR 22 N AR 4 18 T8, 371
FH I3 G B SR it 2 S 2 B e AR A
R T INR AL M ML BEAR (E] 24)
TERED 2 ot 2 AR IE JL N, ) 45
I T2 A, Wang 45 ) $21H—
Fh &k & BP #1222 Fl NSGA-IT 55
B HCe AT R 2 BRI T o
2728 JE R T —Fh o) s R
A R RAE IR A Ry, LT Je
RECE AL E R A RAE; SRt
BP 128 W 45 AU A 1A 1 L B BE
M e 35 40 oy 5 e K AR IE / ek
Mises v 71 22 [] A JF 2k MR e B 56 &
5 VA A HIL B BE AR 38 FH AR I

A Z

E22 3= BPHEMKLEHTER
Fig.22 Schematic diagram of 3-layer BP

FaR= iz

neural network

06 /: 76

T T
O o’
L & El::::::::: Sooarch
[ % Ls O : /’
W L, 1|&/127
e, )L
x 153

TE: LWERr; ChIETTl.
23 EZSHEEMNREIARRER( mm )™
Fig.23 Fixture layout diagram of frame-
type thin-walled workpieces (mm)™"

LS

BEMR
ES-EEi
TFFRG

SENLAE

i

24 KEEHISEREFFRREE "™
Fig.24 Fixturing layout diagram of large
composite fuselage panel™



Flexible Assembly %ﬁ%ﬂi

ARG, LIRS f5e/INFISIE R 5 B0
H /A e Ak Hbr, >k H NSGA-
11 8k -3k Je 15 A5 ]y 1) Pareto fie I
fi#4E

BP 1 28 45 (1) 0 a2 BAT #5008
(I8 3T 72 AL BE 1 BB A ko
FRIE B AT DAUERH,, —4> 3 )2 BP #fi&
W £ fiE B L AT NS 32 2 AT ] — >
LA R A PV I, BP A4
SR A X T AR B A AR ) R A
H A J e fe ) k17 @ 4. {2 BP
P25 D 2% [ B 0 A7 AR 254 1 B S 8K
Z WS NS R 5 B A R R e
Bt A By

T2 1) i o R 28 1) 4% ( Radial
basis function neural network,
RBFNN ) j&—Ff g2 | DA pRias i
Shy T T A 22 T 4% (] 25) P
LA RE ] B YN Zh T T L > Wi Sk
B, pREGE T TR RN 43 25 AR
TR T BP #2451 H b BE
IR J53 3R /M TR) B, Wang 45 P 4y
SFEE T BP #4145 W 4% A1 RBF #1 £
IXR) 24 S LI AN 7] e 5L A3 A Je T 4
SR A, 1 SR Y 51 RAE
DA RS A B BR T i
WEFEARRHRAE ; /5 LT REARE Y
A T BP i 22 ) £ 0 A AL A
RBF 1 25 [0 28 T 0 452 754 5 S 43 AF 5%
W, 5 FAH R AR AR R I A ik
[ BP #f 48 ) 4% A Hb, 3% F RBF 4
L2 1 IS ARG B o v, R
(E26). FERLIEAL I, # RBF #1£:
IRH) 245 L AR A 5 s S 45 A, R
i g B R i v L N A e
FLE (AR st 7 &, T fe /MBS
SRR P Ma A5 DY
T RBF 128 [ 4 4 0 75 26 42 B4l
AR Je Bg i A sy R B EE
AT IR FH s A SR 6 e HLE
iJRPEAT Tk, EMSEE Pl T
— fih 5 T NSGA-II 5 RBF #if £ %
2811 B AR AR A R AR i
V2T VE T S LA R L s ) O 25 4%
16 A B/ N E PR A o AL E

B, I NSGA-II 25 B 1k Ak i 3 A4~
FEAL AT Ry s ARG TEA FRJTHEAR
S35, A4 HE RBF 1 45 [ 2% i il
R FEL5 AR T REAR TSR 4 A
DA B TR DA N ek
BRI
23 FRAHMREBEEZHEARE

Rk 7%

Wk T A i O T AR N T
ZE LR | Kriging AR Sz 43 ) &
(] U S ML 2 S RS AR ) 77 o FH AR
HEEE(R e BAn /b

Kriging A5 A & — B T i i 48
TH2 09 Te A Al AT B ff e 1T
ALY (1 A s AR Oy B AL R 1 S
B, — R SRR, A R
A T A 0 R 2 O 225 1% B L Ao
PRI AL P 5 AR AR L
Kriging BRI GBS 25 H A 0 A5 Ak
B TR, 35 R ] A 22 1 e 0 1

¢, Clx=c,Il)

¢, (lx=c, 1) b,

AR RER iz

25 RBF #ZR&&EHREE "
Fig.25 Schematic diagram of RBF
neural network""!

—a— RBFAIZE £ 004 114 {2
—o— BPZ: 4% FL 4 114
e IR

0 1 1 1 1

1 2 5 6

3 4
MRRARA 1
[ 26 BP # RBF #H22 W& 545 B xg bt

Fig.26 Comparison of prediction accuracy
between BP and RBF neural network””

AR BTNy 25 . A, 6 FEE
R VETFR T B Y S A4 (R, Kriging
TR A 1 10 BB HRUAS LU 35 A 1 005
Fo Yang %5 U7 LT T#E 7 i
FEFNA FRIC AT A WA FRAEAREE
Ay ST T Kriging BEEIFI BP #1485
) 28 A 7R R 3 Rl e L (v AT R 5 A
FAEM TR &Y 2 8 1
KRBOCR s Bt b, T AR
GBARAER) Kriging #5080 NS & o
L R EEE (I 27) 5 Bl &5 4
A SRR W4 Je BEfr
AR T Tk . 2Rl B LA R
PF7E A EAEH T R A e ik B
b, 8 —Fh 3L F Kriging #58 F14E
B FL R e HE A SR A T

2 FF 1) & HL( Support vector
machine, SVM ) J& — 2L T /NVEEA
Geit2f o) BRE R HLER 2 S ik P
SVM $4 B8 H. 2 58 i AS [A] 43 A 52 1

—e— Kriging A4 I i
0.20 _ —— R

/

5 6 7 8 910
MAREA S
(a) Kriging BRI mi iy £k

—o— BPNNRL T4 1 {8
— SRR

|||
I 2 3 4

T2 3 4 5 6 7 8 9 10
AR A5
(b)) BPNNELRTHM 4 &

27 Kriging F1 BPNN #2345 & % bt 7
Fig.27 Comparison of prediction accuracy
between Kriging and BPNN""!

20234E 55665 5 1410] - Bt BIEHA 129



L

SPECIAL TOPIC

m] &2 [8] I HL( Support vector machine
for regression, SVR ) 5 3 +F 1] &
43+J5HL( Support vector machine for
classification, SVC ) W KR AL Hrfr,
SVR 5 Y 32 5 T [0 U1 00 A A
AR e 2 PR R H DB =2
FEml e e A 2 et Ik T
AP ECH A B AZS (A
YR, SXAERERN A X kbt T YRR
FEME™ U IR I, SVR AR R A fiff ke
WA B 5 A ) e 4 e HAR Jm A
[RS8, e R AR T AR
A B R FHEARBT SR A TR 4 B 3%
Ho Yul'"" B SVR #E 7 T R ER
G e ELE i A7 Jmy 5 e e 22 =2 ()
B TR ASE TR, A7 e 4 U DA As
BEMRIe FLg o i & oA AR &, DA
RN AR RE R H bR R, TR T
B ST T AR FR T o0 A AR R i A
FRAEAEE MY 2 T 2L T SVR 3 B
FEALAR SR A AL TAL Y 5 AR R I
GRFEASFN I FE A T B RBF ff 22
) 5% T A TR AR B, T SVR B9 T
TR RNG Ji B v (e 28 )10, FE M3k
fith b, o3 ) Ny T RE 4 iR AR
JE R KAL) SVR Tl AL | 3
A AR 9 34 2R KL, SR H NSGA-TI
B e Hoe fi i Jm i AT 7 2 Bir
Ak, JEAR BN T A BT aE U

R T AR I SR BB TR T
1L AR IR R 2%, Du 25 UM R
TP TR B S B R B IR AR
MR T . Z R e T
Je g A gy S e B 1 5 E LR IE
DRAW 22 2Z 18] B 7 B o7 ALY s SRS
kT —Masa o RIEMA R
J7 ) 3L BRI S B TR, DA
i e Rt B e L B e R H
N AT e B AT T Ak
24 ETREERBNEERBMRML

HiEFRSHh

2R 2.1~2.3 T3 thZRIR Y SOk AT
M A HERE A ) e BA R Ak e T
Arp AR AR g — Tl H Bk o
HAR IR B WS B T ORI 1

130 Rzl B A - 20234F 55668 55 1410]

N FE AR R % e BA A
W ERAT IR

(1) S5AHRTH G R
e BAR Rl AL A Ee  3E AR
PRASERY ) e ELAT Jsy A Ak T B 52 g
HEAEAR AR BRI RiAS , A AL
PEEABTRIRCE

(2) BLA By R 210 38 BE 1 e B
A R AR AL T A 25 A QAR AU AR A
23 P, Hor, i AR AL AT
o228 O £ A TR SR 1 FH A R Tz AR
FRFIAL,

LaRargE TR AR
HFEAS R HR 432 R AT BR T 70 B it
FEAREIN . P, AR R 1 e
BAn Rt r ok it 54
BT A BT AH LU AFTE D 22 , HORS BN T
FFA R B 0 e BAn /A g
%

- o~ SVRFIIABEA G i (i
—— JI Bk

0.035
0.030
E 0.025
puan
=0.020
H
&

0.015
0.010

0055374 5 6 7 8 9 10
WA
(a) SVRESHHIIG 2

3 &g

Je ELAT SR AL BT AT LA 20
PINHEBE (A R 75 , IR
JFR TR R . ARG W T
] Py S 3 7 55 1 B 1l LA
AT B - BB g R . 5
S AR G SR BT B VE A
AT 1 5T W BE (e LA R AL 1Y
WF5E BT U R A

(1) E Al A A G T 55 R
REQ e FLAG SR Ak R BF 98 2 354 oh
5 4 I THERE (i T i e A G R
SE IR L

(2) KHAM 53 75 I B A J i
Wi % 1 T A A
S R 2 o st R P B S B
JEA L T Sh A A an i T
B S S A . B OB SE — i

- o~ RBFNNTH AR 46 Hi i
—— W1

0.040
0.035
0.030
— 0.025
i
3 0.020
&
0.015
0.010
0.005

1 2 3 45 6 7 8 9 10
WARAS A5
(b)) RBENNHERI TG il £k

28 SVR 1 RBFNN #E TN xS b
Fig.28 Comparison of prediction accuracy between SVR and RBFNN'

®3 SREERHFS

Table 3 Characteristics of each surrogate model

ARBERY

AR

e IEnl e L0 RGEME SRR ; W) s R B H S T

W 7 TR A

P s BT REAS D 5 3E-G RO AR I (R B IR e B A SR I A5 3 it

AR S R e AR AR Ry DL A IR, LA R B2
TEIT IZALRE T3 5 AR TEL; TE A B R R A s RS BAT R L 1L

BPNN
AT
%
RBFNN

Kriging f57

SVR 1578

[ S5H I S 5 ISR S 5 A5 B ARl e it L 10l

SERTRTER s YN GRTTIR 2 S MO B s pRAGE I LGRS AT 2ERE )
#RUET BPNN; AT LA IR 5 fo e /) ML 25

A LA R BN P A5 R B A T 75 22 5 o T AR MRS BE AL R Y
SEARIAE, BAT LR I A RO

JIv it AR A 5 O AR R 2 v SR B A SRy 1t e [ st



Flexible Assembly %ﬁ%ﬂi

Vg T RE 1) Bh A RR M 38 1 e A
PER &, Fb ansm s TAFAETE
P v AR HL R S0 IR A T
PR3N

(3) BLA Ay SCRik 3 2R 7F e 2
JUFEH — @ s T ke Boo
PR A e oo r e
BN A AE— RT3 &, M H Al
Bl = X2 SJe it A A AT

(4) BUA IR 20 W R R 1k
I ) AR AR T i A TEAE R P Ak
HAx, 200 T HoAth Iy 1) 1 A TE AR 0
WA AR H IR AR AL A h 2 R
HERECRRY R S Ko

(5) A0 EE 2% e B B ANl - By
Brm Tl R rp B T A2 1) T 2538
TN E LR, UL, 3T A PR OCH
1) e ELAR Ry e Ak 2 P HO T 3K
T R DL At 12 IO FH T R 2 g o
T e BAG R fifb it . SR
B i) e ELAR T e Ak 5 i S A
I ARACROR 5, 7 T RE 2 19 2 e
BB 3 % .

(6) A RITTHPHEE oA K
S B AR e BAR SR e
Tk, BT B R A e ELA R
Al 5 T B N — Fh 34

ST LR AT, A JE A 55 W
BE (A 1) e ELAR Ja e AR 9 7 T A T
BIF R TAEWT .

(1) ZZ=2ah 80 1EH T 55K
PERE (R Je B ki it 1
Sl R v TR {22 R R —
AT Fe B AR AT . FRII RN T
FEep, KRB0 THAEW K sh &
o UL, BT EE (e BLAR Ry
N T T A - ER GRS
R, DA i A R

(2) 55 W4 e B A1 e L ST A7 4K
N E S R A .
AR, i T A, e B
7 e e fh ik A b A T R 5 b e 2L
JCHFRECR . BEAh, e 2
R HFE ] i s 1ok R P T RE R AR TE
PRI, Shy S e B 1 e L s A Ao i

R EE B IR, 75 20 e BT
O BRI 2 AT R
11 A S B Hoe P RicR: 8 M
SN P A £ AL e Hoh — N E
AIBIFE AL

(3) AT ARSI foe /I IR g
IR f AR A AR 1 44 RE e B
filJm 2 Bt T BA W s
JEE MY L W E G S 14 TS 82 55 R 4
TG b, LA KO A4y 2 g
BT, =AM R RE RIS 3) TR
SR B o R TR Y RE A
b, kR 52 1 B i, Bk i
PIRPLEE 2. Pk, B0 S A i BE
PHR e BAii R itk , A RE R B B T
PRI , 1675 7% FE LN B L 17K
AR 1152 A 3 B A2 7 ) i i 7 A
(GBS &

(4) 5T Y B B0 A7 FROT RS L A
IEHOAR S FEREECE 1 I A /LA
AR, TR R I T A BRI
(e B A SR AL 7k i el i A
BRITI B SR B I 2R AR
A BROCA BTN FLE R i e 2
AIDRAEEE R . R, BTS2y B
B X RRHR AR SR AR AT il i
A A AT BROTAE Y 2 RO A TR IE 2
RAH— P WFFEHME AT

(5) T /MEARZE ] BB YR
PR )T . B SRR (R RS
[P SUPNELT F e S LR P
H T AR ) e B A Ry A T i
KBLHIEECF (I B A SRy i, Y 2R
ARSI EEZ 3G P, &
P T RELE e BoA Jr LA A9 2 T/
FEA 27 o S AU RS BT 1
FERAH) — N EHTET5 1) o

& £ X M

[11 FITZGERALD R W. Mechanics of
materials[M]. MA: Addison-Wesley Publishing
Company, 1982: 32-33.

[2] HUC . HE T oI 24 i i s i B
PR AL R L) [D]. Va2 YL Tl ke,
2018: 15-16.

YANG Yuan. Research on locating layout

planning for acronautical sheet metal part based
on prior constraint[D]. Xi’an: Northwestern
Polytechnical University, 2018: 15-16.

[3] CAI W, HU S J, YUAN J X.
Deformable sheet metal fixturing: Principles,
algorithms, and simulations[J]. Journal of
Manufacturing Science and Engineering, 1996,
118(3): 318-324.

[4] BAKKER O J, PAPASTATHIS T N,
POPOV A A, et al. Active fixturing: Literature
review and future research directions[J].
International Journal of Production Research,
2013, 51(11): 3171-3190.

[5] REARICK M R. Optimal fixture
design for deformable sheet metal workpieces[J].
Trans. NAMRI/SME, 1993, 11: 407.

[6] CEGLAREK D, LI H F, TANG Y.
Modeling and optimization of end effector
layout for handling compliant sheet metal
parts[J]. Journal of Manufacturing Science and
Engineering, 2001, 123(3): 473-480.

[7] FEiT5, Mg X, dEEA . HRENR
T IeA SR BT AL (1], HLBC TR AR
2005, 41(6): 214-217, 223.

WANG Yunqgiao, MEI Zhongyi, FAN
Yuqing. Finite element optimization of
machining fixture layout of thin-walled arc
workpiece[J]. Chinese Journal of Mechanical
Engineering, 2005, 41(6): 214-217, 223.

[8] WANGZ Q, YANG Y A, KANGY G,
et al. A location optimization method for aircraft
weakly-rigid structures[J]. International Journal
for Simulation and Multidisciplinary Design
Optimization, 2014, 5: A18.

[9] EbEe, W%, At A5 RAN
BE(F 22 s e AL IR A R AR AL BB B0 9T ().
PGS RAF A4, 2016, 50(5): 38-44.

WANG Shaofeng, HONG Jun, WANG
Jianguo, et al. Initial distribution optimization
for multi-point location of large thin-walled
components[J]. Journal of Xi’an Jiaotong
University, 2016, 50(5): 38—44.

[10] L/, W%, L[, 46 KA
WEREPRI 2 5 SOR /BT B WEST 7], PE
AT KR L 2016, 50(6): 122-129

WANG Shaofeng, HONG Jun, WANG
Jianguo, et al. Multi-point location method of
large-scale thin-wall component[J]. Journal of
Xi’an Jiaotong University, 2016, 50(6): 122—
129.

[11] CAMELIOJA, HU S J, CEGLAREK
D J. Impact of fixture design sheet metal
assembly variation[C]//Volume 3: 7th Design for
Manufacturing Conference. Canada. ASMEDC,

20234E 55665 55 1400] - it BlE A 131



L

SPECIAL TOPIC

2002, 36231: 133-140.

[12] CAI W. Fixture optimization for
sheet panel assembly considering welding Gun
variations[J]. Proceedings of the Institution
of Mechanical Engineers, Part C: Journal of
Mechanical Engineering Science, 2008, 222(2):
235-246.

[13] HOLLAND J H. Adaptation in
natural and artificial systems[M]. Ann Arbor:
University of Michigan Press, 1975: 46-53.

[14] GOLDBERG D E. Genetic algorithms
in search, optimization, and machine
learning[M]. MA: Addison-Wesley Publishing
Company, 1989: 21-24.

[15] KRISHNAKUMAR K, MELKOTE
S N. Machining fixture layout optimization
using the genetic algorithm[J]. International
Journal of Machine Tools and Manufacture,
2000, 40(4): 579-598.

[16] VALLAPUZHA S, DE METER E
C, CHOUDHURI S, et al. An investigation into
the use of spatial coordinates for the genetic
algorithm based solution of the fixture layout
optimization problem[J]. International Journal
of Machine Tools and Manufacture, 2002, 42(2):
265-275.

[17] VALLAPUZHA S, DE METER E
C, CHOUDHURI 8, et al. An investigation of
the effectiveness of fixture layout optimization
methods[J]. International Journal of Machine
Tools and Manufacture, 2002, 42(2): 251-263.

[18] LIAO Y G. A genetic algorithm-
based fixture locating positions and clamping
schemes optimization[J]. Proceedings of the
Institution of Mechanical Engineers, Part B:
Journal of Engineering Manufacture, 2003,
217(8): 1075-1083.

[19] LAI X M. Flexible assembly
fixturing layout modeling and optimization
based on genetic algorithm[J]. Chinese Journal
of Mechanical Engineering (English Edition),
2004, 17(1): 89-92.

[20] WANG J A. Locators optimization
for measuring fixture design[J]. Chinese Journal
of Mechanical Engineering (English Edition),
2004, 17(3): 332-335.

[21] BRESDS , BRI, E74 . R BA
JR R B F AL D5 RIS (0], AL T
F2,2007, 18(12): 1413-1417.

CHEN Weifang, NI Lijun, WANG
Ningsheng. Investigation on optimization
method for fixture layout and clamping
forces[J]. China Mechanical Engineering, 2007,
18(12): 1413-1417.

132 Rzl HA - 20234F 55666 55 1410]

[22] =@, B0, Bhakte | AR AR
P FLE O AL BT (0], BLBCE AR 4
2009, 45(4): 192-196.

JIANG Chao, HAN Xu, ZHONG Zhihua.
Locator optimization for resistance-spot-welding
fixtures[J]. Journal of Mechanical Engineering,
2009, 45(4): 192-196.

[23] BhRT, FEL, KNS . AT #
WERE (2 VE TR/ SORFEF LA H 2E B
5[], EHLAE TR , 2010, 21(19): 2369~
2374, 2378.

LU Junbai, ZHOU Kai, ZHANG Bopeng.
Research on optimization of location/support
array of flexible tooling system for aircraft large-
scale thin-wall workpiece[J]. China Mechanical
Engineering, 2010, 21(19): 2369-2374, 2378.

[24] fiiEz, XNy, RIE . LTS
SR ZE PR i FE A o S A8 (0],
HUBRNA 53 A | 2012, 31(7): 1145-1149.

SHI Zhiyun, LIU Yu, YU Shijian. The
locators’ layout optimization for flexible sheet
metal workpiece using the genetic algorithm[J].
Mechanical Science and Technology for
Aerospace Engineering, 2012, 31(7): 1145—
1149.

[25] BEDG. RHLE KR A
ESEWE SN R E I R R RGES PN
2, 2013: 41-50.

LIANG Jianguang. Study on clamping
optimization of flexible fixture for aircraft skin
trimming process[D]. Shanghai: Shanghai Jiao
Tong University, 2013: 41-50.

[26] XIONG L, MOLFINO R, ZOPPI M.
Fixture layout optimization for flexible aerospace
parts based on self-reconfigurable swarm
intelligent fixture system[J]. The International
Journal of Advanced Manufacturing Technology,
2013, 66(9): 1305-1313.

[27] YU J, ZHU X F, GAO Y L. The
analysis of optimal clamping scheme based
on genetic algorithm[J]. Advanced Materials
Research, 2014, 1055: 218-223.

[28] SF¥E, KITE , B, & RT
BEMR H B4 AL 2 B S AL D). s
24, 2015, 36(10): 34393449,

QI Zhenchao, ZHANG Kaifu, LI Yuan, et

al. Analysis and optimization for locating errors

',

of large wing panel during automatic drilling
and riveting[J]. Acta Aeronautica et Astronautica
Sinica, 2015, 36(10): 3439-3449.

[29] AHMAD Z, SULTAN T, ASAD
M, et al. Fixture layout optimization for multi
point respot welding of sheet metals[J]. Journal

of Mechanical Science and Technology, 2018,

32(4): 1749-1760.

[30] CHEN C, SUN'Y, NI J. Optimization
of flexible fixture layout using N-M principle[J].
The International Journal of Advanced
Manufacturing Technology, 2018, 96(9): 4303—
4311.

[31] LIU Z, SUN Y. Fixture layout
optimization for car dashboard based on
N-X locating principle[J]. Proceedings of the
Institution of Mechanical Engineers, Part B:
Journal of Engineering Manufacture, 2022,
236(9): 1282-1292.

[32] &7, EbisE, Fxf, & 5
TR AL R TRALES WP R O R A B
i (9] fias il H AR | 2019, 62(1/2): 82-86, 94.

LI Xining, WANG Yueshun, LI Yuhua,
et al. Optimization design of aircraft weak
rigid parts clamping scheme based on genetic
algorithm[J]. Aeronautical Manufacturing
Technology, 2019, 62(1/2): 82-86, 94.

[33] KB, Tk, mEE, &
TR U SRR S RENC R 5 )
KANEAR L ). ZatER , 2019,
36(6): 1546-1557.

ZHANG Qiuyue, AN Luling, YUE Xuande,
et al. Optimization of size and layout of pressing
force for composite airframe structure assembly
based on genetic algorithm[J]. Acta Materiae
Compositae Sinica, 2019, 36(6): 1546-1557.

[34] ZHANG W, AN L L, CHEN Y A, et
al. Optimisation for clamping force of aircraft
composite structure assembly considering form
defects and part deformations[J]. Advances
in Mechanical Engineering, 2021, 13(4):
168781402199570.

[35] KENNEDY J, EBERHART R.
Particle swarm optimization[C]//Proceedings of
ICNN’95-International Conference on Neural
Networks. IEEE, 1995, 4: 1942-1948.

[36] KENNEDY J F, EBERHART
R C, SHI' Y H. Swarm intelligence[M]. San
Francisco: Morgan Kaufmann Publishers, 2001.

[37] POLI R. An analysis of publications
on particle swarm optimization applications[D].
Essex: University of Essex, 2007: 32-24.

[38] DOU J P, WANG X S, WANG L.
Machining fixture layout optimisation under
dynamic conditions based on evolutionary
techniques[J]. International Journal of
Production Research, 2012, 50(15): 4294-4315.

[39] TMS, Zhh, JRIMERE | TR
SR I e L LR i AR BT 0] R
Tl , 2013, 39(4): 10-15.

WANG Peng, JIANG Kun, ZHOU



Flexible Assembly %ﬁ%ﬂi

Xionghui. Optimization of locator for
measurement fixture based on PSO[J]. Die &
Mould Industry, 2013, 39(4): 10-15.

[40] EREFK . FET ARy AR A Y
R A TR i 1T 20 P R TR O 22 40 BT M ke el
Bt D). i - LSSk, 2018,

QIAN Yanyi. Assembly deviation modeling
via ANCF and optimization of fixture scheme
for large scale curved thin-walled structure[D].
Shanghai: Shanghai Jiao Tong University, 2018.

[41] DORIGO M, GAMBARDELLA
L M. Ant colony system: A cooperative
learning approach to the traveling salesman
problem[J]. IEEE Transactions on Evolutionary
Computation, 1997, 1(1): 53—66.

[42] MCMULLEN P R. An ant colony
optimization approach to addressing a JIT
sequencing problem with multiple objectives[J].
Artificial Intelligence in Engineering, 2001,
15(3): 309-317.

[43] JAYARAMAN V K, KULKARNI
B D, KARALE 8, et al. Ant colony framework
for optimal design and scheduling of batch
plants[J]. Computers & Chemical Engineering,
2000, 24(8): 1901-1912.

[44] PRABHAHARAN G,
PADMANABAN K P, KRISHNAKUMAR
R. Machining fixture layout optimization
using FEM and evolutionary techniques[J].
The International Journal of Advanced
Manufacturing Technology, 2007, 32(11): 1090—
1103.

[45] PADMANABAN K P,
PRABHAHARAN G. Dynamic analysis on
optimal placement of fixturing elements using
evolutionary techniques[J]. International Journal
of Production Research, 2008, 46(15): 4177—
4214.

[46] PADMANABAN K P, ARULSHRI
K P, PRABHAKARAN G. Machining fixture
layout design using ant colony algorithm
based continuous optimization method[J].
The International Journal of Advanced
Manufacturing Technology, 2009, 45(9): 922—
934.

[47] JH¥% , Re2E, Mk, 5 T
SRR S (1 B A S P T A R AR A [0,
HEEHA | 2016, 37(6): 1165-1174.

ZHOU Tao, XIONG Zhenqi, YAO Wei,
et al. Flexible tooling layout optimization for
thin-walled workpieces based on improved
ant colony algorithm[J]. Journal of Propulsion
Technology, 2016, 37(6): 1165-1174.

[48] CHENGH, LIYA, ZHANG K F, et

al. Deformation analysis method for aeronautical
thin walled structures with automated
riveting[J]. Applied Mechanics and Materials,
2012, 271-272: 1526-1530.

[49] KHODABANDEH M, SARYAZDI
M G, OHADI A. Multi-objective optimization of
auto-body fixture layout based on an ant colony
algorithm[J]. Proceedings of the Institution
of Mechanical Engineers, Part C: Journal of
Mechanical Engineering Science, 2020, 234(6):
1137-1145.

[50] XING Y F, NI J, LAN S H. Fixture
layout optimization based on social radiation
algorithm[C]//International Manufacturing
Science and Engineering Conference. American
Society of Mechanical Engineers, 2014, 45813:
V002T02A044.

[51] XING Y F. Fixture layout design of
sheet metal parts based on global optimization
algorithms[J]. Journal of Manufacturing Science
and Engineering, 2017, 139(10): 101004.

[52] XING Y F, HU M, ZENG H, et al.
Fixture layout optimisation based on a non-
domination sorting social radiation algorithm
for auto-body parts[J]. International Journal of
Production Research, 2015, 53(11): 3475-3490.

[53] LIU S G, ZHENG L, ZHANG Z H,
et al. Optimization of the number and positions
of fixture locators in the peripheral milling of
a low-rigidity workpiece[J]. The International
Journal of Advanced Manufacturing Technology,
2007, 33(7): 668-676.

[54] YANG X S. Nature-inspired
metaheuristic algorithms[M]. Cambridge:
Luniver Press, 2008: 55-63.

[55] HUK . BT B HCE AR R AR L
FEARLRITEESE [D]. W IR, 2013.

ZENG Bing. Research on assembly
sequence planning based on discrete firefly
algorithm[D]. Xiangtan: Xiangtan University,
2013.

[56] Effdy, BAN, HOKRI, 55 AT
7K U 1 TRATL S P P AR T o o SR £
1k (7], HUBRL: 55 R | 2016, 35(4): 626-629.

WANG Zhongqi, HUANG lJie, KANG
Yonggang, et al. Locating strategy optimization
of aircraft weakly rigid parts assembly based
on firefly algorithm[J]. Mechanical Science and
Technology for Aerospace Engineering, 2016,
35(4): 626-629.

[57] YANG X S. Flower pollination
algorithm for global optimization[C]//
DURAND-LOSE J, JONOSKA N. International

Conference on Unconventional Computing

and Natural Computation. Berlin, Heidelberg:
Springer, 2012: 240-249.

[58] JAGATHEESAN K, ANAND B,
SAMANTA S, et al. Application of flower
pollination algorithm in load frequency control
of multi-area interconnected power system
with nonlinearity[J]. Neural Computing and
Applications, 2017, 28(1): 475-488.

[59] LAhd, 250, o, & . ETHE
Py B 1 1l T BE 5 (A R A (0]
EAU TR , 2017, 28(18): 2231-2236.

WANG Zhongqi, LI Cheng, YANG Bo,
et al. Fixture locating layout optimization of
curved thin-walled parts based on FDA[J].
China Mechanical Engineering, 2017, 28(18):
2231-2236.

[60] YANG X S, DEB S. Cuckoo search
via 1évy flights[C]//2009 World Congress on
Nature & Biologically Inspired Computing
(NaBIC). IEEE, 2009: 210-214.

[61] YANG X S, DEB S. Engineering
optimisation by cuckoo search[J]. International
Journal of Mathematical Modelling and
Numerical Optimisation, 2010, 1(4): 330-343.

[62] YANG B, WANG Z Q, YANG Y
A, et al. Optimization of fixture locating layout
for sheet metal part by cuckoo search algorithm
combined with finite element analysis[J].
Advances in Mechanical Engineering, 2017,
9(6): 168781401770483.

[63] KAVEH A. Applications of
metaheuristic optimization algorithms in civil
engineering[M]. Cham: Springer International
Publishing, 2017.

[64] MIRJALILI S, LEWIS A. The
whale optimization algorithm[J]. Advances in
Engineering Software, 2016, 95: 51-67.

[65] LIC, WANG Z Q, TONG H A, et
al. Optimization of the number and positions
of fixture locators for curved thin-walled parts
by whale optimization algorithm[J]. Journal
of Physics: Conference Series, 2022, 2174(1):
012013.

[66] ESCHENAUER H A, OLHOFF N.
Topology optimization of continuum structures:
A review[J]. Applied Mechanics Reviews, 2001,
54(4): 331-390.

[67] BENDSOE M P, SIGMUND O.
Topology, optimization: theory, methods, and
applications[M]. Berlin: Springer, 2003.

[68]  JEI¥EMR . BE S5 M 11N AR TB AL
BN I AR BT kT SE (D). L - e
K2, 2011

ZHOU Zebin. Deformation prediction

20234E 55665 55 141] « Bt RERAR 133



L

SPECIAL TOPIC

and fixture layout optimization of thin walled

workpiece[D]. Shanghai: Donghua University,

2011.

[69] YANG Y, WANG Z Q, YANG B,
et al. Topological optimization method for

acronautical thin-walled component fixture

locating layout[J]. Transactions of Nanjing

University of Aeronautics and Astronautics,

2017, 34(4): 405-412.

[70] FUJ C, WANG L Q. A random-

discretization based Monte Carlo sampling
method and its applications[J]. Methodology
and Computing in Applied Probability, 2002,
4(1): 5-25.

[71] LIAO X Y, WANG G G.

Simultaneous optimization of fixture and joint

positions for non-rigid sheet metal assembly[J].

The International Journal of Advanced

Manufacturing Technology, 2008, 36(3): 386—

394.

[72] WANG G G, SHAN S. Review

of metamodeling techniques in support of
engineering design optimization[J]. Journal of
Mechanical Design, 2007, 129(4): 370-380.

[73] KEANE A, FORRESTER A,
SOBESTER A. Engineering design via surrogate

modelling: A practical guide[M]. Washington,
DC: AIAA, Inc., 2008.

[74] BOX G E P, DRAPER N R.
Response surfaces, mixtures, and ridge
analyses[M]. Hoboken: John Wiley & Sons,

2007.

[75] FEFRHE, T . WL 5 R
HERHA TARRUALRIRLH] [M]. JE5t - B2
JifAt , 2011: 95-107.

SUI Yunkang, YU Huiping. Improvement

of response surface method and its application to
engineering optimization[M]. Beijing: Science
Press, 2011: 95-107.

6] TREHE, Gl AR, % LT
) B T A S e Lo
BT (9. S HLAR B 5 P 224

2009, 21(1): 101-106.

XING Yanfeng, JIN Sun, LAI Xinmin, et

al. Application of response surface methodology

based on radial basis function in fixture

design[J]. Journal of Computer-Aided Design &
Computer Graphics, 2009, 21(1): 101-106.

[77] THE%, EAEM . B Two-Stage
T3V 0 M A S A SR A AR 1 0. T
BEHLEG BT 5 BB 2224z, 2012, 24(5):

677-682.

XING Yanfeng, WANG Yansong. Fixture

locating scheme design based on two-stage

134 Rzl BA - 20234F 55668 55 1410]

method for sheet metal components[J]. Journal
of Computer-Aided Design & Computer
Graphics, 2012, 24(5): 677-682.

[78] XING Y F, WANG Y S. Fixture
layout design based on two-stage method for
sheet metal components[J]. Proceedings of
the Institution of Mechanical Engineers, Part
B: Journal of Engineering Manufacture, 2013,
227(1): 162-172.

[79] BIY B, YAN WM, KE Y L. Multi
load-transmitting device based support layout
optimization for large fuselage panels in digital
assembly[J]. Proceedings of the Institution
of Mechanical Engineers, Part C: Journal
of Mechanical Engineering Science, 2015,
229(10): 1792-1804.

[80] T, MZR . ZARMETRSEK
A JRPEATIST [1]. HHE AR SHUK | 2016(2):
124-1209.

YU Jin, GAO Yanliang. Research on
clamping distribution optimization of multi-
point flexible tooling system[J]. Manufacturing
Technology & Machine Tool, 2016(2): 124-129.

[81] YUK G, WANG X J. Modeling and
optimization of welding fixtures for a high-speed
train aluminum alloy sidewall based on the
response surface method[J]. The International
Journal of Advanced Manufacturing Technology,
2022, 119(1-2): 315-327.

[82] AL . AT HHZ % S8 [M].
JAT: EAERE kAL, 2001: 43-76.

JIANG Zongli. Introduction to aritificial
neural networks[M]. Beijing: Higher Education
Press, 2001: 43-76.

[83] XIEMy, ZIkse, XSO, 4 Fk
TR AT 2 e AR 4 14 e B A B A Al
JPEWRTE D). AAPURS B st TH A
2011(7): 23-25.

LIU Yumei, JIANG Zhaoliang, LIU
Wenping, et al. Research on clamping-point
optimization based on control of the deformation
in fixing thin-walled workpiece[J]. Modular
Machine Tool & Automatic Manufacturing
Technique, 2011(7): 23-25.

[84] VASUNDARA M, PADMANABAN
K P, SABAREESWARAN M, et al. Machining
fixture layout design for milling operation using
FEA, ANN and RSM[J]. Procedia Engineering,
2012, 38: 1693-1703.

[85] SELVAKUMAR S, ARULSHRI
K P, PADMANABAN K P, et al. Design and
optimization of machining fixture layout using
ANN and DOE[J]. The International Journal of
Advanced Manufacturing Technology, 2013,

65(9): 1573-1586.

[86] ZRMEHE, WS, RATE . FET i
22 0 2 5 A% SR IR TR 1 22 F R T A SRR
1k [J]. BLBE TR, 2015, 51(1): 203-212.

QIN Guohua, ZHAO Xuliang, WU Zhuxi.
Optimization of multi-fixturing layout for thin-
walled workpiece based on neural network and
genetic algorithm[J]. Journal of Mechanical
Engineering, 2015, 51(1): 203-212.

[87] QIN G H, WANG Z K, RONG Y
M, et al. A unified approach to multi-fixturing
layout planning for thin-walled workpiece[J].
Proceedings of the Institution of Mechanical
Engineers, Part B: Journal of Engineering
Manufacture, 2017, 231(3): 454-469.

[88] LU C, ZHAO H W. Fixture layout
optimization for deformable sheet metal
workpiece[J]. The International Journal of
Advanced Manufacturing Technology, 2015,
78(1-4): 85-98.

[89] WANG Z H, LI D S, SHEN L H,
et al. Multi-objective optimisation of assembly
fixturing layout for large composite fuselage
panel reinforced by frames and stringers[J].
The International Journal of Advanced
Manufacturing Technology, 2023, 125(3-4):
1403-1418.

[90] HORNIK K, STINCHCOMBE M,
WHITE H. Multilayer feedforward networks are
universal approximators[J]. Neural Networks,
1989, 2(5): 359-366.

[91] HAYKIN S S. Neural networks
and learning machines[M]. 3rd ed. NJ: Pearson
Education, 2010: 63-82.

[92] WANG Z Q, YANG B, KANG Y G,
et al. Development of a prediction model based
on RBF neural network for sheet metal fixture
locating layout design and optimization[J].
Computational Intelligence and Neuroscience,
2016, 2016: 1-6.

[93] WANG Z Q, YANG Y A, YANG
B, et al. Optimal sheet metal fixture locating
layout by combining radial basis function
neural network and bat algorithm[J]. Advances
in Mechanical Engineering, 2016, 8(12):
168781401668190.

[94] MA Z H, XING Y F, HU M.
Fixture layout optimization based on hybrid
algorithm of gaot and RBF-NN for sheet metal
parts[C]//Proceedings of the 2019 International
Conference on Artificial Intelligence and
Advanced Manufacturing. New York: ACM,
2019: 1-6.

(951 EMS, RFEN, &L, 5. KT



Flexible Assembly %ﬁ%ﬂi

NSGA-II 55 RBF i £ [6 2% 14 4% B Wi A& {or
A SRS [9]. WIILRMR 242440, 2019, 40(3):
189-198.

WANG Peng, XU Jiachuan, CAO Fan,
et al. Research on location and layout of auto-
body sheet metal based on NSGA-II and RBF
neural network[J]. Journal of Hebei University of
Science and Technology, 2019, 40(3): 189-198.

[96] SACKS J, WELCH W I,
MITCHELL T J, et al. Design and analysis of
computer experiments]: Rejoinder[J]. Statistical
Science, 1989, 4(4): 409-423.

[97] YANG B, WANG Z Q, YANG Y,
et al. Optimum fixture locating layout for sheet
metal part by integrating kriging with cuckoo
search algorithm[J]. The International Journal
of Advanced Manufacturing Technology, 2017,
91(1): 327-340.

[98] gk, EMha, |, & RET
Kriging 5 FPA fEE (e FAl Ryt it (). A
23R, 2020, 63(18): 95-101.

LI Cheng, WANG Zhongqi, TONG Hua,
et al. Design of fixture locating layout for
thin-walled part based on kriging and FPA[J].
Aeronautical Manufacturing Technology, 2020,
63(18): 95-101.

[991 B34, HTEA . Keladzda b ayssh
Jrid s SCRFIAEHL (M), JEaT: Bhes R
2004: 21-35.

DENG Naiyang, TIAN Yingjie. A
new method in data mining: Support vector
machine[M]. Beijing: Science Press, 2004:
21-35.

[100] VAPNIK V N. Statistical learning
theory[M]. New York: Wiley, 1998.

[1017] YU K G. Robust fixture design of
compliant assembly process based on a support
vector regression model[J]. The International
Journal of Advanced Manufacturing Technology,
2019, 103(1-4): 111-126.

[102] #ro, £fhar, Hgh, & T
SVR (14 fifc 2 T BE 11 & H A Joy A0 A o 0l 462 7

[71. HEHLE R HE RS, 2017, 23(6): 1302
13009.

YANG Yuan, WANG Zhongqi, YANG Bo,
et al. Prediction model for aeronautical thin-
walled part fixture layout optimization based on
SVR[J]. Computer Integrated Manufacturing
Systems, 2017, 23(6): 1302—1309.

[103] YANG Y A, WANG Z Q, YANG
B, et al. Multiobjective optimization for fixture
locating layout of sheet metal part using SVR
and NSGA-II[J]. Mathematical Problems in
Engineering, 2017, 2017: 1-10.

[104] DU J A, YUE X W, HUNT J
H, et al. Optimal placement of actuators via
sparse learning for composite fuselage shape
control[J]. Journal of Manufacturing Science
and Engineering, 2019, 141(10): 101004.

BIRAEE: B, DR, 11, 2
5 16) N AR R 3 26 T b ) e BE P RE 5 AR A% AT
FEME LA RER I A AL R

A Review of Fixture Layout Optimization Method for Weakly-Rigid

Thin-Walled Workpieces

WANG Zhanghao, LI Dongsheng, ZHAI Yunong

(Beihang University, Beijing 100191, China)

[ABSTRACT]

widely used in aerospace, automobile and other industrial fields, but they also have the disadvantages of small thickness,

Due to the characteristics of light weight and high strength, weakly-rigid thin-walled workpieces are

low rigidity and easily deformation during the manufacturing process. The fixture layout design is a very important factor
to reduce the deformation and ensure the quality of thin-walled workpieces. Traditional fixture layout design of thin-
walled workpieces depends on the intuitive judgment and experience accumulation of engineers, which is slow, high cost
and large randomness of design. With the continuous improvement of computer technology, many scholars applied finite
element simulation, mathematical programming method, intelligent optimization algorithm, surrogate model and so on to
optimize the layout of thin-walled workpieces fixture components, and have obtained a lot of research results. According
to the modeling method of objective function and the optimization algorithm, the related researches are systematically
classified and discussed, and the merit and demerit of each modeling method and optimization algorithm are analyzed in
detail. Finally, the related researches on the fixture layout optimization method of weakly-rigid thin-walled workpieces are
summarized, and the corresponding research advice are put forward.

Keywords: Weakly-rigid thin-walled workpieces; Fixture layout optimization; Finite element method; Surrogate model;

Optimization algorithm
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