w # % &

Journal of Mechanical Strength 2026, 48(3):60-67

X9e & TaRAFMLL R R~ Lt

EMmEE PHXR HW K F B Ok EBRS
(BHERT MEALBERLALEARA T E LT, R4 610031)

FEE: [HM] e bR —Fh 2w A 83 e, Foal i A b 3 | 76 25 78 M T2 R R 29 B 4%
PR RN R RACTE R S AR 29 5. ST AR B ML TR A AR, ISR RS 5 T AR 2540 43
BExd G, IR T HEST AR M AL B RS KR A 77, DB O 36 Foe R T ik g i it 2% . (k] | &
HyperMesh {fj LA {4 R H OptiStruct A AN £ T2 47 BRITAERL , LLSRe/ NS AR K L VA3 Ak F AR, X 3 T 00 B 1Y
TREESH A TR ML AL BORSHORAR 5 3000 B AR A0 TR (R JEE B2, 3 v T v o et s LR AR A Ak 28 5 B il i
TSR BB B T 45K s Bt , £ Nastran e 43 18 GB/T 21563—2018 brifii Xt TR MR R 473 B AG A% . T 354,
458 SE BRom TG K B F IR & L, 4 B0 SE gk ) B 1) 5 30 2 000, B 5 R 00 45 SR 5 0 LA R ET TR L
(4550 ] 4550 EM, 1 MBS R M 766 Hz4ETF 2 1 009 Hz, #2175 1 31.72%; [&] Ik, 130 Fdm MK 51 kg B = 44.26 kg, Ji 5%
13.24% , HS& BEFF Gt HAn e SRR 3 T BUN RO 4k Bx .

KA I E TR WML NGl BRSO SRR

HESES:

0 5l

I 5 TR e AR S50 = w4 7 4k Al A A —Fh
T SOHE AN g R (g
T UM R RS ) o BT UK B 3t 2 (o A
SE WY 7 ity 2 B DR A X 3 ) £ 45 1E 1
AT B, A R SE PR I 26 1F . iR & T
BAE T TR R P Al R R R B G
MVE T e 2 e i 6 v s N Tl 412 i 0 3aied e 14 2
SR S R M AR B B3

U 5 TR BTN % 18 S0 (19 22 vk I
PEFHRAERYMEENE . BEE 1B 25 RO BT BT, T2
SEM LR B N A 2 IR B A6 . PRI, T
PAEH T EARWTEAT OO AL, LA R 92PRT ok . HT i
BT ERRIMEAL . IR —FhiE et
WA IE , 7520 7 M i 28 [ M A SRR AR T $R B S M i
THBI AU AR 52 DU AL A 2 20 R SRR A7
o WFFEAIE AL SRR F ML RS HA S
Putt. SRR FMUAC R, w] DI GRAIERT R FEE
FERYRTEE T, S R BRI M P i M ) Ty 2Pk . X
EESARR AR , HA A AR > T R

Yok Hi: 2024-07-15 BT H: 2024-08-16
HEWH: P ERESA ARHEE I &1 (P2018J001)

TU178.5 DOI: 10. 16579/j. issn. 1001. 9669. 2026. 03. 007

Findx = (xl’xzvx_z, "'9st)T
. T (1)
Minc(x) = F'U
V< fV,
stiF = KU (2)
O0<x,,<x <1

A, (i=1,2, -+ N) B AR i AR B ORI A
Xt BE VLR [ v, 11, DA SR I BE SR R 2T 572, B
%, =0. 0015 F A Sh Fy [ 2 s U N A WO A2 A 1) 42t 5 V o
MALSE ISR s o R FRA R SH, Fon oAb Jm
B L BR Vo AR AR R K g S W BE AR

FURT , 1% 22 40 M0 A0 9 BF 58 07 146 L 36 1 504k
TS AR R KRR RS R A TR Al
SRS

UTAEAE , [ A A A3 AR A LA B s T 58 07 vk %
I T M AL AT T 05T, T B 1 2 35 A9 Al
Heo SR FNAEF A FRIT O BN AR e T
HEAT T ML BT, 7 T AL KIEE A5 S5 ZOR AR
P T, IR 2 TR A B /N T 48% . £ 1T
SFEURH MU S 6o RMETEIILARES & R AL B
VAR SR I T AT i A BT, S T 67% AR
IR T T SO TR B BRI RS . A

PEHRIA: HIMEE, B, 1999 4R A, WU NN AR, BRI S A 5 F2 BT ST 1) Ay 42 85 A i 4 D w5k BB ML 29 97 S5 AR MIE AL s E-mail -

1k E-mail: gwyang@home.swjtu.edu.cn.

SR TR, DS, B il 5 R B TR M M R IR BT [T ], MU JEE , 2026, 48(3) : 60-67.

WANG Jiongteng, YANG Guangwu, XIAO Shoune, et al. Topology optimization and dimensional optimization design of test bench -' LT

fixtures[ J]. Journal of Mechanical Strength,2026,48(3) :60-67.

47 35 I



5 48 B4 3 )

TEME 25« X0 &5 TR ML X Rt 61

FI A BRIT A3 B 1A X6 R AL DR 1) 4 0 0 6 12 i
17 TR oA, s T TRy B, Jf e 1
D5 235 R A RS B RN AT S . A s e AL T AR
ST T MRS , X B T LR 1 AR S A i AT
TARACT T, B 0 T B A B AR A A AR T B ALY
SR EEIFIE TR
1 ZiH#hA % BEs

iAok, F ML S B T (Computer-Aided
Engineering, CAE) ) Z b T8 7 db B F &2 15211
FE 40 I AR A7 BLAR R B S Ty vk X 7 S AT
SRR TF R E 7 R I O, AR
F18) BT et B T Ak 45 2R % T 3 i A o I R
o R AR (A A 25 R il = S . HyperMesh #044:
& OptiStruct K 4% , 1ZK i a e FMIL L T 72505
BT AT T e AR % AR ML AR R R
PR AR T AR FMICAR B RY JF 64T 1T ALY
ESS Anan N8

UL W T B i a2 W I S NI 5 B P 1
HyperMesh #2537 T2 A B2 R 3 it i AR . 1Y
YT S BT L 7E OptiStruct A4k 5K e % b #1) FH 3 24
A FFMICAL 7 06 TR AT At 58, DASE XS T2
SRR, JFE R BT B R

| ssrpmatin | o whnzodcrs o v |

= -

A&
E1 RS
Fig. 1 Optimization ideas

W 2 7, B G T2 AL EA DU FRAE : J5 Al
WAT 4R AL, T 3% 42 1 e e SR8 5 ISl |
WA 30 A IERR AL, TR T 72 [ [ e i8R
o BT MM EIEEEY R 10 mm. BEAT 3 ZALA,
M EETFEEKK NS mm.10 mm A1 10 mm, "t
Hi 3 )22 AL, JEEE 4R 15 mm. R AR RIS AR 1 14 B FL
T s R i, SR RRE A O T TR A B
B B 1) 45 ) iR B2 RS R M ) et B AP 1 ABE A5 (1 R A
s TR R RS B TR T
e e SEBRIR IS P AP REAE

WE 3 B, B G TAS R itk 51 ke, 1 BB
FH 766 Hzo N T XPIZEEAHELT RO AL, BE 8R4
PEAREAE R e AR 5o Ak ) 2 B 2% 1 2 1 O T o
/NTF 50 kg, DEfk H bR AR 1 BMVEESII0R . el i
1k 5 1 25 F a0 T 4 Fir R, 2% 5 S T o /s 3
50 kg, I H 1 RS #a 42 55 %2 920 Hz.

RGHRALTG , T 22589 1Y 1 B s E— 2 42
T zsal, aniE 1T JE LG T A S5/ AR ST 2 42

T, TIEAREEILAL o NI, 5 2 R T TR A5 4 LA
W R B H AR 7RG & T2 SR A 1 50 kg 1Y
B4R T, LB R 1 TR asiiig

z

i

¥

B2 FERTHRENR

Fig. 2 Original fixture structure

B3 fLETEEH(766 Hz)
Fig.3 Structure before

B4 MRAFLEH(920 Hz)
Fig. 4 Optimized structure

optimization (766 Hz) (920 Hz)

— S R ERT A AR — A SR SE A R ML A
ORI A R AR B AR BT o B AT RS
Al AR AR R A28, LS e A
2 BB ET

TEHAT ML Z 1T, 75 20 ot i AR et
B VTG H R 1SR S A A2 ) R X B, 7R
X2 DA T AR A Ak , AR B Sl ) 42 455 24 T X
S ] S 1) DX

W TR AV Ry — A SR, 5 AR A AR 43 5]
5 g AR AN 50 5 o R AR i, PR MR JS AR RIS
BRI 53 AR BEH AR 43 W s T itk

TEAJ7 B3 F HyperMesh [t OptiStruct #5 B v & 57
THEARTBIA . Wil 5 B, Al 7S AR SR 5T
HEATEASE . S T S A M ARl G5 O, ) i
IS ABEIR (1) o B AT ELO B, FH mass s BEHDL LB AR AR

ARt

ES5 LT
Fig.5 Solid block fixture



62 Bl M

G i 2026 4F

PIBTBUR GREUEL ¥ N S 0 ¢ ey T S v I )
JE 12 kgo JRARZE S BEIEIRE G L, 74 FROCHE
BUrp b RCAR B TC Y 1 U 6 1> T T i A 2o, LA
RRADURE AR 14 [ 5 IR A
TR IS FAN T2 PERE AR 1 R
R1 MRIAFERE
Tab.1 Mechanical properties of materials
PPERLLE/MPa LV W (kg/m®) @A 1/MPa
2.1x10" 0.3 7 850 235

3 EEMRALIRT
3.1 M

SEBR T AT TR DR T2 454 S 5T A i ik
TR BRI R AL T, SE BT PR RE PR 2 — T HL A Bk
EPE BT 55 o AR SR AR B BE SR AMICAL 09 5 i, S
BT TSR AL T — A RaRE . TEAR RN
DA T, % A (R ASE A 2 ] 444 i) [ P A3 ) ke 4
¥4 (Solid Isotropic Microstructures with Penalization,
SIMP)#EAY . SIMP J5 ¥ A% L JEAR R 5 A 228
R RE A BV RS BTy BT R S TR
i, AR PR OCHK , BUE R 0~1, E i fkiX —
Ap b S A AR A Ry o X e R 4 BRI A5
A ff DR 25 B 43 A R ) T O 51, 2 07 7 A 8 W () A ek i
Fo AL ST BRI 1, Ron BB R IR
B HER 0, R AT 5Bk . 1RSI TR R
NG RS GO (et A 2 3 T S v W )

E(x,)=x"E;p=1
p;(x,)=2,000<x, <1 (3)

o, BB A S B9A B  p ARSI 130, N
FATC i s, SRR RS

FEAE R T ar ) FH 28 285 B S MG AT JRT
A, HGR B fe sy 1 BB S % il i 5 2
et/ R NS EST S S L ENCINVE KRR ES SN L
IR DL T IR & TR BRHEOR

D) TSR B A AR FF G & T2 S T A
50 kg, [F]If S0 B0 B ey 1 MRS

)M B bR - SEI TR BRI 1 R A0
1 e KAk

3) LYo S5 A - BT S AR B B ) A S AR B Y 20%
DI

)BT AR B BT AS (A FROT 2 I 30 Aok R 8 % i
TFARAACLE IS

23 AT, T3 Y 1 LS R 0 £ Al 4%
W 6 . TEW R LR BRI o 1 B s
BHAIKFE] T 1130 Hz,

b B, — i A7 7 34 kA B A AR

BRI, T 1 B 5 BTSSR
A TRE . LB TR .

RETAINED RESPONSES TABLE

Subcase Grid/ DOF/  Response Objective Viol.
J/RANDPS Element/ Comp Value Reference/ %
/Model MID/PID/ /Reg Constraint
+Francy Mode Ho. Bound

/Times

Response Type Response
er—-1D Labe

2 FREQ frequenc 1 1 - 1. 130E+03 MaX
1 VOLFR vol = -- TOTL |2.000E-01 < 2.000E-01 0.0 4

6 &= IMMERER
Fig. 6 Results of the highest first-order frequency
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Fig. 13  First modal vibration of the topology optimized fixture
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Tab.3 Results of the size optimization

Mg J£ B Rt /mm RAIE/mm
1 2.665 3
2 2.360 3
3 2.268 3
4 11.22 12
5 10.54 11
6 12.56 13
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Volune = 5.6DI89E+06 |Mass = 4.42550E-02 |

Generalized Generalized
Stiffness Mass

4.018095E+07 1. 000000E+00
4.467121E+07 1. 000000E+00
7.976096E+07 1. 000000E+00
9.914074E+07 1. 000000E+00
1.326282E+08 1. 000000E+00
1. 414646E+08 1. 000000E+00
1. 485026E+08 1. 000000E+00
1. 489342E+08 1. 000000E+00
1.558051E+08 1. 000000E+00
2. 114655E+08 1. 000000E+00

Subcase Mode Eigenvalue

mm 4. 018095E+07
eI 4. 467121E+07
1.421397E+403 7. 976096E+07
1.584697E+03 9. 914074E+07
1.832897E+03 1. 326282E-+08
1.892971E+03 1. 414646E-+08
1.939488E+03 1. 485026E-+08
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2.314408E+03 2. 114655E+08
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Fig. 15 Results of the modal calculation
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Fig. 16 First modal vibration of the final fixture structure
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T T RN ) /MPa VR 71/MPa
EAENRGE 8.5 235
A1) 7ty 8.5 235
B 1 ey 9.6 235
e 7 ot 9.8 235
e o] I ol 11.3 235
e ] 5 ity 11.1 235
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Fig. 17 Stress contour of the vertical positive impact
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Fig. 19 Vibration mode after amplifying the amplitude by 10 times

PIRETR 1055 , G544 1 B4R o0 T2 [Fil 28 2 4l
e T LUE A RS S K A AR i e T2 13, st
D 5536 157 B8 B S350 7, 55 R A, 0 A A T 5] 20
FIis

1E = HhRsh & L T 2858 2 A A ) B g
e [a] A LG, FMIIE [ A 5~1 500 Hz, >R et 2

P Jo e s B2 g 42 07 5. 0 A5 1 oct/min,
FURNLEEEMRE N 1g. REPCREEBIFR N 5 000 Hz,

e

E20 mMEENSHETEE
Fig.20 Schematic diagram of acceleration measurement locations

4.2 HIWEHER

FAR g0 >R AR 0 I B I AR = I S 7
L) P R B o A g %o R A B 09 45 5 2R AT I AR A3 AT
e Uit 5 ok AT PR B i B i A8 e (Fast Fourier
Transform, FFT) "X R A (5 55 AT AL P, FFT & —Fh
155 A Y B M B 0 AR e (Discrete Fourier Transform,
DFT)% % . DFTHAB N

N-1
X(k) = zx(n)e—ﬂwkn//\”k:0’1’...’]\[_ 1 (4)

n=0

P X (k) R AT s e 81 5 N O B BB 2 (n)
AT

FFT#4 N &% DET #5438 0 24> N/2 5% DFT, K
FEAR TR A0 . HAORIB N

X(k)=[X.(k) + e X, (k)] (5)

K, X, (k) F1X, (k) 53 500 R AR EOR 25 80N i A ¥ 511 1
N/2 5 DFT,

M4 FFT L, 7 nCode 5 5 4b B4 v 43 #7785
s, A FEAT F) A 0 50 IR N [ A T 3 [ L
ARZE SR W 21~181 23 iR .

24 A1k, 5 i i 1o A0 5 L 8 P SR A5 5 1Y
VAR Ay TR S 1) [ G 38, S5 R 3k 5 R .

6 -
i~ — X%
B e Y il ¢
s 2 B2 ;
=)
e}
S 4
B
o O
e
o
,\,,A 2 —
N
i 1k
b
0 (= I s e Ji AN N
200 400 600 800 1000 1200 1400
F Mz

21 e A5k 38 AR R 55
Fig. 21 Spectral diagram of the resonance response in the
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Fig. 23 Spectral diagram of the resonance response in the vertical
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Tab.5 Results of the isotropic sweep frequency test

75 1w} 1 LS A% /Hz
ZA| 1016.2
R 969.7
(] 978.3

XA A = AR IR A5 SR B /N 1R
ARy T 24544 1 S, B 969. 7 Hz, S5 &
I BB EE R 220 3. 87% , /N 5%,

N ] SR GG A5 A T 2R 850 1 B s aiR
1016, 2 Haz; £ ) 9 45030 56 45 HH 1) TR 4544 1 B A
AN 969. 7 Hz; I [m] F 5 5015 H 19 T 4549 1
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5 it

PRI & TR BT T — R AR IME A f R
DL, 3 & BEAY Bk A ASS Y E A, 16 4 TH

TG () TR S5 M DAL BOR 5 LA, R 42 s 2 L.
A 7 3 T L P e ek e 4 ) I

3) Lt R FMEAL AT R ST DAL I 15T ) T2 A5
FEE R M BE LR RO B I T EOR AT EE T, 1 AL
WRE R T 31, 72%, TSR EIiE% T 13. 24%.

4) W LA 5 B g 25 R —
,UEI TR T AR SRS T O, R T4
P 1 B BEA A A, 2 T AR g5 ny L Ak B it T
2%,

2% ik (References)

(1] R, e , AR . 2£T SIMP ik 0 2 2 sl S iddn $ ML Ak
TERTFELT ], PUIEESRABTSE, 2021,47(5) :26-34.

ZHAO Wanlin, XU An, LIN Haidong. SIMP-based topology opti-
mization of continuum structure with multiple constraints[J]. Sich-
uan Building Science,2021,47(5) :26-34. (In Chinese )

[2] . BT ERERNELEHIMILRIT D] Wi . K%
K2#,2008: 15-16.

TANG Yingying. Topology optimization design of continuum
based on variable density method [D]. Xi’ an: Chang’ an Univer-
sity,2008:15-16. (In Chinese)

[3] BENDS@E M P, KIKUCHI N. Generating optimal topologies in
structural design using a homogenization method [J]. Computer
Methods in Applied Mechanics and Engineering, 1988, 71 (2) :
197-224.

(4] HBOP, E9% R, % HIMUACTERL & BT o i N TR 5
[Cl/p P 7E TR 2 . 2019 P [ VO TR 25 40 4F &390 S04
(2). Jbst AU Tl it , 2019 : 4.

XIAO Heping, WANG Tao, DENG Chenghao, et al. Application

2

research of topology optimization in conceptual design[C ]/China
Society of Automotive Engineers. Proceedings of the 2019 China
Society of Automotive Engineers Annual Conference ( Il ). Bei-
jing:China Machine Press,2019:4. (In Chinese)

[5] SETHIAN J A, WIEGMANN A. Structural boundary design via
level set and immersed interface methods[J]. Journal of Computa-
tional Physics,2000,163(2) :489-528.

[6] XIEYM,STEVEN G P. A simple evolutionary procedure for struc-
tural optimization [J]. Computers & Structures, 1993, 49 (5) :
885-896.

(7] Jedl, A% SR ARER IR MR A i a5 20 T % S iz [T
24254, 2009,26(2) :212-217.

LONG Kai, ZUO Zhengxing. Nodal independent continuous map-



%5 48 5 3 ]

TR e, A - X8 5 TR MU R T e it 67

[10]

ping method for topology optimization of continuum structures[J].
Journal of Applied Mechanics,2009,26(2):212-217. (In Chinese)
SRR, FAEME, ST, % LT ANSYS Workbench #9723
H B KR MR AL BT (], R A Sl H R, 2021, 56
(6):49-53.

SHI Tianxiang, GUO Jianye, SHI Jiang, et al. Static analysis and
topology optimization design of hoisting tooling based on ANSYS
Workbench [ J].
Technology,2021,56(6) :49-53. (In Chinese)

FEFT AL, mE, A BT IMEL S 6o R @ MERYAR 1B
TSR BB [T]. HUBERE ,2020,42(1) :94-101.
WANG Zining, WU Jianjun, XIANG Jianming, et al. Lightweight

design for overhaul tooling support seat based on topology optimi-

China Metalforming Equipment & Manufacturing

zation and six sigma robustness [J]. Journal of Mechanical
Strength,2020,42(1):94-101. (In Chinese)

T AEIME BT R M A B DR e TR B SO
[J]. HEH AR SR, 2014(10) :30-33.

WANG Haitao, LI Chuye. Design and application based on topo-
logical optimization for measuring large-thrust technological tooling
[J]. Manufacturing Technology & Machine Tool, 2014 (10) : 30-
33. (In Chinese)

R RRERL, SO PR S B B AR B ML A
B[], M S RBhE ], 2010,30(6) : 83-86.

HU Peilong, LU Xiaoli, SHANGGUAN Wenbin. Topological opti-
mization design for powertrain mount framework of automobiles

[J]. Noise and Vibration Control, 2010, 30 (6) : 83-86. (In Chi-

[12]

[13]

nese)

RIETZ A. Sufficiency of a finite exponent in SIMP (power law)
methods [J]. Structural and Multidisciplinary Optimization, 2001,
21(2):159-163.

TIOC, B#, T MAL 5 BT ME AL 42 B a5 et
(1], HUARIRTT,2023,40 (4 1) : 63-66.

YU Wanyuan, WANG Chao, NING Shenghua, et al. Structural
design of vehicle body attachment points based on topology optimi-
zation[ J]. Journal of Machine Design, 2023, 40(Suppl. 1) : 63-66.
(In Chinese)

A, IV VLR, A5 . B & B A R AR MR
&BATI] HE Ak, 2023,45(10) :71-75.

MENG Xiangchao, SUN Youping, HE Jiangmei, et al. Conceptual
design of topology optimization for aluminum alloy front subframe
of a vehicle[ J]. Manufacturing Automation, 2023,45(10) : 71-75.
(In Chinese)

ATRREL, BRG] . 4R35 Je By b et e asiken (1],
S¥RshPEi,2010,30(6) :67-69.

YU Qiuhui, CHEN Jian. Optimization design and modal test of fix-

Lo

tures for vibration testing[] ]. Noise and Vibration Control, 2010,
30(6):67-69. (In Chinese)

KA. FE TR PR A L A g (8 I AR AT R P ST (D] R
- PRI 2SI R, 20181 7-8.

ZHANG Ao.

based on sparse fast Fourier transform [D]. Chengdu: Southwest

Research on time-frequency analysis technology

Jiaotong University,2018:7-8. (In Chinese)

Topology optimization and dimensional optimization design of test bench fixtures

WANG Jiongteng YANG Guangwu XIAO Shoune ZHU Tao YANG Bing CAI Songcen
(State Key Laboratory of Rail Transit Vehicle System, Southwest Jiaotong University, Chengdu 610031, China)

Abstract: [Objective] Topology optimization is a widely used optimization method that optimizes material construction,
finds the optimal shape of structural design under given design space and constraints, achieves lightweighting, and satisfies
constraints. Based on the idea of variable density topology optimization method, taking the fixture structure of a certain test
bench as the analysis object, and the establishment of a mathematical model and solution method for topology optimization
were elaborated in detail, in order to provide reference for structural design based on advanced design methods. [Methods]
Firstly, a finite element model of the tooling was established in the HyperMesh simulation software using the OptiStruct
module. With the minimum mass and maximum first-order frequency as the optimization objectives, topology optimization
and size optimization were conducted on the tooling structure under a single working condition. The material distribution was
reasonably arranged and the thickness of the plates was optimized to improve the quality of tooling design.Secondly, based on
the optimization results and the practicality of manufacturing and processing, a new tooling structure was designed. Finally, in
the Nastran module, the strength check of the tooling model was carried out in accordance with the GB/T 21563—2018
standard. After the actual processing of the tooling structure was completed, the tooling was placed on a vibration table, and
longitudinal, transverse and vertical sweep frequency tests were conducted respectively. Subsequently, the test results were
compared with the simulation results. [Results] The results show that the first-order modal frequency has increased from 766
Hz to 1 009 Hz, representing a rise of 31.72%. Meanwhile, the fixture mass has decreased from 51 kg to 44.26 kg, a reduction
of approximately 13.24%, its strength meets the design standards and the overall objective is successfully achiered.

Key words: Test bench fixture; Topology optimization; Size optimization; Modal analysis; Strength check
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