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Optimal Design of Isotropic Stiffness for Rubber Bushing by Considering
Material Hardness and Diameter Reduction for Conveyance
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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 handling. In
order to avoid the tedious work of repeated debugging in engineering practice, [Method] an optimal design
method of rubber bushing all-directional stiffness (radial, axial, yaw and torsional stiffness) taking into account
the material hardness and diameter reduction is proposed. Firstly, the Ogden model is used as the constitutive
model of rubber bushing. Second, by combining experimental design with finite element analysis, the isotropic
stiffness of rubber bushing with different inner core outer diameter, rubber height, diameter reduction and material
hardness is calculated. The second-order response surface model of isotropic stiffness is established, 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. [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 second-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 H; Q; D

1 0.623 0.301 0.001
2 7.26x10°3 6.131 0.001
3 2.56x10%  -7.305 0.001
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Fig.2 MTS elastomer test system

(d) Torsional loading
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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,/ K,/ Ko/ Ko/
(N/mm) (N/mm) (Nm/9 (Nm/9
Simulated 4.926.10 329.60 3.85 111
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
b /mm 26 [25.27] Up and down 1
C/mm 0.3 [0.2,0.4] Up and down 0.1
d /sHA 55 [50,60] Up and down 5
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Tab.4 Results of experimental design
Number  a@/mm b /mm C/mm  d/SHA kX/ kZ/ k”X/ k”Z/
(N/mm) (N/mm) (Nm/9 (Nm/9
1 25 26 0.4 55 9148.40 392.71 7.20 1.49
2 23 26 0.3 55 4926.10 329.60 3.85 111
3 23 26 0.2 60 5412.60 386.00 3.95 1.28
4 23 26 0.4 60 5865.90 366.67 4.85 1.25
5 23 25 0.4 55 4936.60 310.39 4.01 1.05
6 23 27 0.3 60 5877.40 389.73 4.89 131
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 9184.30 425.25 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 3.89 111
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 2912.00 278.08 245 0.83
21 23 26 0.3 55 4927.30 329.54 3.85 111
22 21 26 0.3 50 2575.00 231.68 2.26 0.70
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4333.10 270.86 3.59 0.93
8935.40 405.22 5.80 1.46
5269.30 330.36 4.69 1.13
4364.80 288.63 3.63 0.98
7803.40 350.52 5.56 1.29
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Tab.5 Coefficients in equation (3)

Direction
Coefficient

X z nx nz
" 174641  -49534 1953209 12.6393
g -13 222 2422  -11.9565  -0.964 4
Vs -969.93 183.5 -3.6183  -0.1363
Va -9818.33 3150.87 -30.2917  1.4583
Vs -991.32 -2.78 -0.8261  -0.0828
Ve 3.68 0.38 0.11 0.006 3
V7 517 -154.34 1.35 -0.05
Ve 39.56 1.19 0.028 8 0.005
Vo -15.5 -2.03 -0.125 0
V10 8.29 0.31 0.0105 0.001
T 65.5 -2.01 0.125 -0.005
712 267.09 5.49 0.1755 0.0155
713 11.44 -3.83 0.0183  -0.0004
Via -5 530 637.88  -0.1677  -0.2917
Vis -0.01 0.2 -0.0002  -0.0002
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Tab.6 Coefficients of determination under all directions

of bushing
Direction
Variable
Z nx nz
R2 0.999 2 0.9657 0.998 5 0.9998
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Tab.7 Analysis results of the effect of influencing factors on the stiffness in each direction

Variable  Freedom E 32:3L Rate/% Fﬁ/);iﬁjl e Rate/% FI/Z\II:IJE Rate/% T:S;?S:' Rate/%
a 3 13401.77 93.21 212.99 67.93 609857 83.79 56856.33  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 12936.33  18.30
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(a) Radial stiffness response surface curve
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(b) Axial stiffness response surface curve
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(d) Torsional 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 dimensionless

Parameter e a, d, a,
value 3048.60 52.65 2.11 0.22
IR KR E A

S.t.

2lmm <a<25mm
25mm<b<27mm
0.2mm<c<0.4mm
50SHA <d <60SHA
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Tab.9 NSGA-II genetic algorithm multi-objective
optimization of non-inferior solution sets

Number F-value a/mm P/mm C/mm d/SHA
1 0.6417 24.94 25.76 0.39 50
2 0.6131 24.99 25.62 0.39 50
3 0.6879 24.84 26.06 0.38 50
4 0.6184  24.98 25.64 0.39 50
5 0.6619  24.93 25.67 0.38 50
6 0.6856  24.85 26.01 0.38 50
7 0.6538  24.95 25.59 0.38 50
8 0.6915 24.82 26.16 0.38 50
9 0.6072  25.00 25.59 0.39 50
10 0.6128  24.99 25.56 0.39 50
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Tab.10 Results of calculation, simulation, experiment and
objective
Stiffness kX / kZ / k”X/ k”Z !
(N/mm) (N/mm) (Nm/9 (Nm/9

Objective 8 000 320 6 1.2
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 8 617.96 348.98 5.62 1.31
Relative error/% 7.72 9.06 -6.33 9.16
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4 i

KA E & NIRRT R R T
MORMEE S g2 s sem, 2Rt 5 AR
INTHSE G ITTE, AR IR 5 W () By
M) S TR AR Y, SR NSGA- TT 38 A% 3556 4% [ I 2 3
112 BRI 5T, LU

1) ST RTWOIME IR ERE . dife A
AL P I Ao 225 % ] 91 55 A A P o e 2 T A 7Y
HIGUE T BRI A 20, ohEGE T AR ES
BN R A e A L

2) YEAR NG Ao 2 i ) D91 A Ok 28 NI
WK, TTBREE ) T 42.9%F150.5%, 3 i1 K45
B, AASERE A NIEE, S S A
PRI P %o Ao 22 ) D91 58 R HEL 6 I B R e K, BT
BR 253 ) N45.6%4130.4%, BRI KA RIEE, W]
AR SN, $E Rt e .

3) K HINSGA-ILI A& 5 6 14 8 4 B 4% 11 M
FEAT 2 Bbrtif, IR0 g5 ST IR 50 E
& 1) W R R e 45 R 5 H AR AE B AE R 2 4 iR
7.72%. 9.06%. -6.33%7%19.16%, IJ7E+10%LLMA,
W2 TRE N FH LR, AT Ak S AR S kb
SV EB AR, AT SR 7 7 f i
.



SRR R A
Journal of East China Jiaotong University

B 3R :

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

LI L, SUN B HUA H. Analysis of radial stiffness of
rubber bush used in dynamic vibration absorber[J].
Journal of Southeast University,2019,35(03):281-287.

T7 4L, R DT FEARFE. AR RO SRR A 2 I BE T A1
(2R I]. 7 FE ML, 2020:183-184.

FANG H, LI C F, XIN Z X. Effects of reduction size on
the stiffness and durability of rubber bushings[J]. China
Machinery,2020:183-184.

Wi ACIERT AT, S R R B A B R SR 2t
45 2 o om B K[ % E 5 R 8
#11,2019,39(01):126-130.

CHEN B, DAI Z L, FU J H, et al. Study on the influence
of shrinkage in the static-dynamic characteristic analysis
of automotive suspension bushings[J]. Noise and
Vibration Control, 2019, 39(01): 126-130.

B GR, T RS PR A5 JRORME R 0 A A S 24
T K5 Tz o 35 T B T B ) [J0. 991 oMk K 2 AR
2018,32(3):92-96.

ZENG J X, DING Z P, LIN S, et al. Effect of rubber
hardness on parameters of superelastic intrinsic model
and rubber spring stiffness[J]. Journal of Hunan
University of Technology, 2018, 32(3):92-96.

B ok AOEFT, 55, B X AR ) B et i B A4
W E w8 E S R #2020,
40(06):222-227+249.

CHEN B, ZHANG X, DAI Z L, et al. Effect of hardness
on mechanical properties of rubber and suspension
bushing stiffness[J]. Noise and Vibration Control, 2020,
40(06):222-227+249.

KAYA N, ERKEK M Y, GUVEN C. Hyperelastic
modelling and shape optimisation of vehicle rubber
bushings[J]. International Journal of V\ehicle Design,
2016, 71(1-4): 212-225.

DONG Y, YAO X, XU X. Cross section shape
optimization design of fabric rubber seal[J]. Composite
Structures, 2021, 256: 113047.

BILAL H, OZTURK F. Rubber bushing optimization by

using a novel chaotic krill herd optimization algorithm.[J].

Soft Comput,2021,25,14333-14355.

TR B ZO R S AR R S S KSR T T e S
PRAL[I] R 3h 5 hif,2019,38(12):246-251.

DING Z P, ZENG J X, LIN S, et al. Structural strength
analysis and parameter optimization of rubber springs[J].
Vibration and Shock, 2019, 38(12):246-251.

DAI L, CHI M, XU C, et al. A hybrid neural network
model based modelling methodology for the rubber
bushing[J]. Vehicle System Dynamics, 2022, 60(9):
2941-2962.

JUNG Y W, KIM H K. Prediction of Nonlinear Stiffness
of Automotive Bushings by Artificial Neural Network
Models Trained by Data from Finite Element Analysis[J].
Automot.Technol,2020,21,1539-1551.

R AR TR BRSO T IR TTIE B AL L I
FER® 2 BN T ERRE LR, 2020,
42(02):178-183.

KE J, ZU H F, SHI W K. Multi-objective optimization

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

method of thrust rod ball hinge based on finite element
method and genetic algorithm[J].  Automotive
Engineering, 2020, 42(02):178-183.

g, R, B SOR A BRI E B S TR
ek 7k [958 5 i it,2022,41(05):55-59+82.

GUO Y M, WU Z K, SHANGGUAN W B. Optimization
method for the shape of bushing-type rubber suspension
structure[J]. Vibration and Shock, 2022,41(05):55-59+82.
XS e 3, K, 75 P 2R IR B AR IR AT B R 2R B T
E L[] GR FBR,2018(07):54-58.

DENG X Z, LIU T, SU Z B. Research on semi-empirical
design method of rubber bushing in car chassis[J].
Automotive Technology,2018(07):54-58.

S0 SRR R R A, R 5 59 A F1 P s 4 1 A A ) AP IR
A R IT 73 Hr b B0 R [J]. 78 22 32 38 K A 22 4k, 2017,
51(09):63-68+76.

SHI W K, LIU G Z, CHEN Z Y. Application of rubber
compressibility in the finite element analysis of thrust rod
ball hinge[J]. Journal of Xian Jiaotong University, 2017,
51(09):63-68+76.

EVEVE S By BN R T I R N T R Bl AR A A
51 A8 s g S R BT [J] AR AR 20 R A AR, 2019,
36(06):1-6.

WANG Y Y, GONG D, ZHOU J S. Elastic suspension
design of traction transformer for rolling stock based on
adaptive response surface method[J]. Journal of East
China Jiaotong University, 2019, 36(06):1-6.

KL, MG 2 4 g T IR A 2 (R AR R ek 7T
PP REAIT T S 2R 2053 BT [3] ML HL 1 #%,2014,31(5):41-44.

LIU S J, SUN W X, DONG X J. Performance study and
failure analysis of rubber vibration damping element
based on finite element model[J]. Electromechanical
Equipment, 2014, 31(5):41-44.

KOSARAC A, MLADJENOVIC C, ZELJKOVIC M, et
al. Neural-network-based approaches for optimization of
machining parameters using small dataset[J]. Materials,
2022, 15(3): 700.

JAF AR WS BT X SR E R R
Bl 55 5 SO R A 5 75 [9]. B8 AR ATl K A 5
1%,2019,36(01):41-48.

ZHOU Y, MU D S, HAN Y B et al. Rolling contact
fatigue crack shape modelling method for rails based on
X-ray tomography[J]. Journal of East China Jiaotong
University, 2019, 36(01): 41-48.

MRas IR AR X A R TR 2 e S SR e R
B[] IR % TR, 2021,43(02):241-247+277.

CHEN J, XU S, LIU Z, et al. Lightweight optimization of
aluminium alloy energy absorption box based on crash
safety[J]. Automotive Engineering, 2021, 43(02):
241-247+277.

Wi R, K, B A E KM T Aok 2 ki 2
H br % 42 00 46 BF 70 O], 4 2K &8 K % 4k,
2023,40(04):56-65.

YANG L J, ZHANG C, GUO J H. Optimization of
multi-objective paths for road-rail-water intermodal
transport under uncertainty[J]. Journal of East China
Jiaotong University, 2023, 40(04): 56-65.

oA g5, A 555 LT IR N o T IRV R R 3



SRR R A
Journal of East China Jiaotong University

[23]

[24]

R FE[I]. J1 5724, 2023,55:1-9.

MA J, JIE H, BAI M H, et al. Study of normal recovery
coefficient model based on dimensionless analysis[J].
Journal of Mechanics, 2023, 55: 1-9.

SRRIZ, FF S ARG 5 FE T 2 B AR S Bl A L
R YA 0CE O JC [0 AR 2Ll R A AR AR, 2020,
37(05):80-88.

ZHANG T X, BAO D W, ZHU T, et al. Research on
dynamic configuration of terminal check-in system based
on multi-objective algorithm[J]. Journal of East China
Jiaotong University,2020,37(05):80-88.

ZHANG Z, LIAO C, CHAI H, et al. Multi-objective
optimization of controllable configurations for bistable
laminates using NSGA-II[J]. Composite Structures, 2021,

266: 113764.

WEEE: #R (1990—), 5, W, L, A
BRI RRIRAFERE 2 # KB 11 S S B R G it E-mail:
gw@ecjtu.edu.cn,


mailto:qw@ecjtu.edu.cn

