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Abstract: [Objective] As an important connecting part of new energy vehicles, special vehicles, locomotives
and other means of transportation, rubber bushing plays a crucial role in the stability of the whole vehicle han-
dling. In order to avoid the tedious work of repeated debugging in engineering practice, [ Method ]an optimal de-
sign method of rubber bushing all-directional stiffness (radial, axial, yaw and torsional stiffness) taking into ac-

count the material hardness and diameter reduction is proposed. Firstly, the Ogden model is used as the constitu-
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tive model of rubber bushing. Second, by combining experimental design with finite element analysis, the isotro-
pic stiffness of rubber bushing with different inner core outer diameter, rubber height, diameter reduction and ma-
terial hardness is calculated. The second-order response surface model of isotropic stiffness is established and the
accuracy of the model is verified by Latin hypercube sampling and variance analysis. Finally, a multi-objective
optimization method of isotropic stiffness of rubber bushing is proposed using genetic algorithm to testify the op-
timization result. [ Result] The result shows that the relative errors between the measured radial, axial, yaw and
torsional stiffness and objective stiffness are 7.72%, 9.06%, —6.33% and 9.16% respectively, which are all within
+10% and meet the requirements of engineering application. [ Conclusion] The validity of the established sec-
ond-order response surface model of isotropic stiffness and the feasibility of the proposed optimization design
method are verified to provide guidance for the product design of rubber bushing, which can greatly shorten the
research and development cycle of rubber bushing.
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Fig.1 Rubber bushing structure, parameter design, finite element model boundary conditions and load setting
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Tab.1 Ogden principal model material parameter

N W, a, D,

1 0.623 0.301 0.001
2 7.26x10° 6.131 0.001
3 2.56x10™ -7.305 0.001
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Fig.2 MTS elastomer test system
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Fig. 3 Comparison of simulated and measured results
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Tab.2 Comparison between finite element simulated and measured data for initial bushing stiffness in all directions

Stiffness K, /(N/mm) K. /(N/mm) K, /(N - m/(°)) K, /(N - m/(°))

Simulated 4926.10 329.60 3.85 1.11

Measured 5178.34 345.07 3.57 1.15
Relative error/% 5.12 4.69 -7.27 3.60
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Tab.3 Initial values of rubber bushing parameters

and interval value variables

Parameter Initial value Interval value  Value principle
a/mm 23 [21,25] Up and down 2.0
b/mm 26 [25,27] Up and down 1.0
c/mm 0.3 [0.2,0.4] Up and down 0.1
d/SHA 55 [50,60] Up and down 5.0
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Tab.4 Results of experimental design
Number a/mm b/mm ¢/mm d/SHA k. /(N/mm) k. /N/mm)  k, /N -m/(°)) k,./N-m/(°)

1 25 26 0.4 55 9 148.40 392.71 7.20 1.49
2 23 26 0.3 55 4926.10 329.60 3.85 1.11
3 23 26 0.2 60 5412.60 386.00 3.95 1.28
4 23 26 0.4 60 5 865.90 366.67 4.85 1.25
5 23 25 0.4 55 4936.60 310.39 4.01 1.05
6 23 27 0.3 60 5 877.40 389.73 4.89 1.31
7 23 25 0.2 55 4565.40 327.21 3.11 1.08
8 23 25 0.3 60 5402.30 366.41 4.00 1.22
9 25 27 0.3 55 9 184.30 425.25 7.18 1.57
10 25 26 0.3 60 10 278.00 478.85 7.50 1.73
11 23 25 0.3 50 4055.40 271.56 2.95 0.91
12 21 26 0.3 60 3467.30 312.57 3.05 0.94
13 21 25 0.3 55 2912.20 264.67 2.38 0.80
14 21 27 0.3 55 3131.70 281.64 2.88 0.86
15 23 26 0.3 55 4984.20 331.26 3.89 1.11
16 23 26 0.2 50 4010.80 286.18 2.94 0.95
17 25 26 0.2 55 8 525.00 527.35 5.74 1.54
18 21 26 0.4 55 3121.80 266.91 2.83 0.82
19 23 27 0.2 55 4904.30 347.99 3.84 1.16
20 21 26 0.2 55 2912.00 278.08 2.45 0.83
21 23 26 0.3 55 4927.30 329.54 3.85 1.11
22 21 26 0.3 50 2 575.00 231.68 2.26 0.70
23 23 26 0.4 50 4333.10 270.86 3.59 0.93
24 25 25 0.3 55 8935.40 405.22 5.80 1.46
25 23 27 0.4 55 5269.30 330.36 4.69 1.13
26 23 27 0.3 50 4364.80 288.63 3.63 0.98
27 25 26 0.3 50 7 803.40 350.52 5.56 1.29
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Tab.5 Coefficients in equation (3)

Coefficient Direction

X z nx nz
7 174 641.00 -495.34 1953209 12.6393
Vs -13222.00 -242.20 -11.9565 -0.9644
7 -969.93 183.50 -3.6183 -0.1363
2 -9818.33 3150.87 -30.2917 14583
Vs -991.32 -2.78 -0.8261 -0.0828
Vs 3.68 0.38 0.11 0.006 3
V7 517.00 -154.34 1.35 -0.05
Vs 39.56 1.19 0.028 8 0.005
Vo -15.50 -2.03 -0.125 0
Y10 8.29 0.31 0.0105 0.001
T 65.50 -2.01 0.125 -0.005
Y12 267.09 5.49 0.1755 0.0155
Yis 11.44 -3.83 0.0183  -0.000 4
Vi -5530 63788 -0.1677 -0.2917
Vis -0.01 -0.20 -0.0002  -0.0002
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Tab.6 Coefficients of determination under all

directions of bushing

) Direction
Variable

X z nx nz

R 0.999 2 0.965 7 0.998 5 0.999 8
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T o bR R N 4 A% e e H A AR TR
P45 1) W PRI P i 7 A PR 2 ] 145
3 N T AN ] 4 i

FH P 4 50 A Al AL A A 5 2 A
LA ) W E 1] DO JE i 422 MO EE RTTHL A MO 19 52
AR, BAE—@E S H N, B 42 [l
JE o R i 422 DO 32 AR 2 O I A R A
IR R RN R o

%5 M K, BT R %43 51 R 80.43% Fl

pop i)

x7 FWEZRXEERIER

3 BRHESERIE

3.1 B\t

LT ST (0 O TR AR, A NS MR o AR
J¥ b FR AR o FAORHE R d s AR i IR
AR MR EE k. il e WIS e A 2RI EE ., AN 2 W1
& kb BER, #5172 BEs AR

H 5 W &k BUCE A 8 000 N/mm, k. HBU(E N
320 N/mm, k,JBUEH9 6 N-m/(°), k. JBUE A 1.2 N-m/(°).,
FI RS B AR R EGHET T TC B 4410, 87 HAx

Xy A an

PRI (9) . H bR eREUE B/, 25 W B2 5 H bk
DI A S
minf=z4“Fi’ 9)
F, =k, -8000|
F,=|k.-320|
Fo=|k, 6| (10)
F,=k,-12]
Z w Mo
a,=“T (11)
Kr: Fo# W 5 BARNIEE 2218 &, 45 )

W ;s ko 0 BARKIEE s m ik 58 ik 5k H
m=27; a, ATCENLIE 5B R 5L, B G 5TH
2 IS b NI EE 250 1 4 X SR R 1SF-2
{H, FLARHUE WL 8,

AR E R : 2l mm<a<25mm;25 mm<
b<27mm;0.2mm<c¢<0.4mm;50 SHA<d<60SHA,
32 RULERS

NSGA- [T it A& 5 1k 5 1 A B BT3RS 90k
m , sBEG AL RE o = AE R s, B B R A
RGBT T 2 B bRk i) e
AR MATLAB $1 {432 17 NSGA- Tt (£ 5014
HEXHG AT B4 1 W 384T 2 AR AL . & B )
GRAEFIREEICH 50 SRR ARIREICH 200 .28 LK
0.8, 742 S48 0.05, 20K 43 il 12 # °4 0.01, 0.01,

AR S

Tab.7 Analysis results of the effect of influencing factors on the stiffness in each direction

Variable Freedom Radial F-value Rate/% Axial F-value Rate/%  Yaw F-value Rate/% Torsional F-value Rate/%
a 3 13 401.77 93.21 212.99 67.93 6098.57 83.79 56 856.33 80.43
b 3 38.83 0.27 3.33 1.06 269.25 3.70 800.33 1.13
c 3 57.65 0.40 11.03 3.52 301.16 4.14 96.33 0.14
d 3 879.81 6.12 86.21 27.49 609.13 8.37 12 936.33 18.30
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(c) Yaw stiffness response surface curve
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Fig. 4 Response curve of stiffness in all directions
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Tab.8 Assignment coefficients after ondimensionalization

Parameter a, a, a, a,

value 3 048.60 52.65 2.11 0.22

&9 NSGA-NEEEEE BiriLIESEE
Tab.9 NSGA-II genetic algorithm multi-objective

optimization of non-inferior solution sets

Number F-value a/mm b/mm c¢/mm  d/SHA
1 0.6417 2494 25.76 0.39 50
2 0.6131 2499 25.62 0.39 50
3 0.6879 24.84 26.06 0.38 50
4 0.6184 2498 25.64 0.39 50
5 0.6619 2493 25.67 0.38 50
6 0.6856  24.85 26.01 0.38 50
7 0.6538 2495 25.59 0.38 50
8 0.6915 2432 26.16 0.38 50
9 0.6072  25.00 25.59 0.39 50
10 0.6128 2499 25.56 0.39 50

K/(N/mm)

Kn,/(N/mm)

(d) Torsional stiffness response surface curve
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Tab.10 Results of calculation, simulation, experiment and objective

Stiffness k/N/mm k/N/mm k./(N - m/(°)) k/(N - m/(°))
Objective 8 000.00 320.00 6.00 1.20
Calculated 8 049.40 319.03 6.29 1.34

Relative error/% 0.62 -0.30 4.83 11.67
Simulated 8 184.00 333.56 6.11 1.27
Relative error/% 2.30 4.24 1.83 5.83
Measured 8617.96 348.98 5.62 1.31
Relative error/% 7.72 9.06 -6.33 9.16
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