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Fig.1 Diagram of structure and materials of
non—pneumatic tire
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Tab.1 Influence factors and their value ranges

PALE RS SR TRR R
A/mm 4.25 3.25 5.25
B/mm 8 6 10
C/mm 15.00 11.25 18.75
D/mm 72 62 82
E/Xf 25 20 30
F/MPa 16. 630 12.470 20.783
G/MPa 1.660 1.250 2.083
H/MPa 2.1%10° 2Xx10° 2.2X10°
J/MPa 7.2%10* 7x10* 7.2%10*
K/% 1.1 1.1 1.3
L/ (Mg +m?) 7.8 7.7 7.9
M/ (Mg -+ m?) 2.8 2.6 2.8

B3 4,B,CRE
Fig.3 Diagramof 4,B,C
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Tab.2 PBD test schemes of independent influence factors and their responses

N FALIEES

Ji% A/mm B/mm C/mm D/mm E/% F/MPa G/MPa H/MPa J/MPa K/% L/(Mgem”) M/(Mg-m") Jo/Hz
1 3.25 10 18.75 62 30 20.783 1.250 2.0x10° 7.2x10° 1.3 7.9 2.8 18.178
2 5.25 6 18.75 62 20 12.470 1.250 2.2x10° 7.2x10° 1.1 7.9 2.8 35.304
3 5.25 10 11.25 82 20 20.783 1.250 2.0x10° 7.0x10* 1.1 7.9 2.8 26.956
4 5.25 6 11.25 62 20 20.783 2.083 2.0x10° 7.2x10° 1.3 7.7 2.6 46.388
5 5.25 6 18.75 62 30 12.470 1.250 2.0%x10° 7.0x10* 1.3 7.9 2.6 16.48
6 3.25 10 18.75 82 30 12.470 2.083 2.0x10° 7.2x10° 1.1 7.7 2.6 10.234
7 5.25 6 18.75 82 20 12.470 2.083 2.2x10° 7.2x10° 1.3 7.7 2.8 21.117
8 3.25 6 11.25 82 30 12.470 2.083 2.2x10° 7.0x10° 1.1 7.9 2.8 13.922
9 3.25 10 11.25 62 20 12.470 2.083 2.2%x10° 7.0x10° 1.3 7.9 2.6 15.581
10 3.25 6 18.75 82 30 20.783 1.250 2.2x10° 7.0x10° 1.3 7.7 2.6 14.945
11 5.25 10 18.75 62 30 12.470 2.083 2.0x10° 7.0x10* 1.1 7.7 2.8 28.776
12 5.25 10 11.25 62 30 20.783 2.083 2.2X10° 7.0x10* 1.3 7.7 2.8 38. 622
13 5.25 10 18.75 82 20 20.783 1.250 2.2x10° 7.0x10* 1.1 7.7 2.6 24.320
14 3.25 10 18.75 62 20 20.783 2.083 2.2x10° 7.2x10° 1.1 7.9 2.6 19.213
15 3.25 10 11.25 82 20 12.470 1.250 2.0x10° 7.2x10* 1.3 7.7 2.8 10.362
16 5.25 6 11.25 82 30 20.783 2.083 2.0x10° 7.2x10* 1.1 7.9 2.6 31.755
17 3.25 6 11.25 62 30 20.783 1.250 2.2x10° 7.2x10° 1.1 7.7 2.8 27.885
18 3.25 6 18.75 82 20 20.783 2.083 2.0%x10° 7.0x10° 1.3 7.9 2.8 15.837
19 525 10 11.25 82 30 12,470 1.250 2.2x10° 7.2x10° 1.3 7.9 2.6 20. 060
20 3.25 6 11.25 62 20 12.470 1.250 2.0x10° 7.0x10* 1.1 7.7 2.6 22.786

R3 BREMAESWNER

Tab.3 Variance analysis results of model

b AGES

LA A B c D E F G H J K L M

Ffi  7.30  39.17 3.12  6.68  17.04 0.7760 12.95 1.57 0.0278 1.33  1.49  2.77 0.6196
P 0.0070 0.0004 0.1205 0.0362 0.0044 0.4076 0.0088 0.2508 0.8724 0.2865 0.2615 0.1398 0.4570
fHewr B i E NS i B NTES B VNS N TS N TS NS TS NTE

F4 CCDIREHBEZMZIMEFAIRBEKEAKF

Tab.4 Codes and levels of significant influence factors in CCD test

ol S T iSis
—1 0 1 2
X,/mm R 3.25 4.25 5.25 6.25
X,/mm A X AR o 11.25 15.00 18.75 22.50
X;/mm SRR 62 72 82 92
X,/MPa BRI ST 12.47 16. 63 20.78 24.94
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Tab.5 CCD test schemes of significance influence factors and
their responses

AW S X, X, X; X, fo/Hz
1 5.25 11.25 82 12.47 22.828
2 4.25 22.50 72 16. 63 21.274
3 5.25 18.75 62 12.47 30.973
4 5.25 18.75 82 20.78 26.375
5 3.25 18.75 62 20.78 21.942
6 5.25 18.75 82 12.47 20.434
7 4.25 15.00 72 24.94 28.682
8 5.25 18.75 62 20.78 39.976
9 3.25 18.75 82 20.78 14.455
10 3.25 11.25 62 12.47 19.329
11 5.25 11.25 82 20.78 29.464
12 3.25 11.25 62 20.78 24.951
13 4.25 15.00 92 16.63 16.030
14 2.25 15.00 72 16.63 10.039
15 4.25 7.50 72 16.63 26.421
16 4.25 15.00 72 16.63 23.422
17 3.25 18.75 82 12.47 11.198
18 3.25 11.25 82 20.78 16.071
19 4.25 15.00 52 16.63 37.016
20 4.25 15.00 72 16.63 23.422
21 5.25 11.25 62 12.47 34.951
22 3.25 11.25 82 12.47 12.449
23 4.25 15.00 72 16.63 23.422
24 4.25 15.00 72 16.63 23.422
25 4.25 15.00 72 16.63 23.422
26 5.25 11.25 62 20.78 45.112
27 4.25 15.00 72 16.63 23.422
28 6.25 15.00 72 16.63 37.197
29 3.25 18.75 62 12.47 16.998
30 4.25 15.00 72 8.31 16.565
E2IE W,

Ji=123.6+6.96X, — 1.38X, — 5.12X; + 3.06X, —
0.3994X, X, — 1.43X, X5 + 0.893 5X, X, +

0.3815X,X; — 0.181 0X, X, — (5)
0.6421X:X, + 0.764 1X3 —
0.210 8X3

3 (5) 1, XX A PR B o (B R e 7 i 0
S DR 8 Mg 7 1) 52 0 8 =5, DR REOA IE 5 KR
PRI M PR R S E AR O, DRBCR 05 3R %
T W PR 5 )0 7 AH 5

w13 (5) AT, AR LT 52 HL ISP 5 i, 2k
TR M R o .3, S RPN X, X, X
X, , L > %0 0 58 JEE R 2R 2 g B US4 3 O e
FEE MR R I oy FEE Dok /I N eF 37 P e 7 8K

A TS W I AT R A R LR S 3
M PR~ 4 5 TEL S0 AL 2 T W 87 7 A — 5 ) S

xo EURBHFTESITER

Tab.6 Variance analysis results of simplified model

Ti2ERIE CFOrA A Uy FfE Pfif

L 2139.02 12 178.25 1692.75 <0.000 1
X, 1162.54 1 1162.54 11 039.95 <0.000 1
X, 45.64 1 45.64  433.46 <<0.000 1
X, 629.66 1 629.66 5979.47 <0.000 1
X, 224.60 1 224.60 2132.93 <<0.000 1
XX, 2.55 1 2.55 24.23 0.000 1

XX, 32.67 1 32.67  310.27  <0.000 1
XX, 12.77 1 12.77  121.30  <0.000 1
XX, 2.33 1 2.33 22.11 0.000 2

XX, 0.524 2 1 0.5242  4.98 0.039 4

XX, 6.60 1 6.60 62.65  <0.000 1
X, 16.61 1 16.61 157.71  <0.000 1
X, 1.26 1 1.26 12.00  0.003 0

FR ISR 1.79 17 0.1053

JA 1.79 12 0.149 2

2l 2% 0.000 0 5 0.000 0

At 2 140. 81 29

RT MEEEBEREESN

Tab.7 Credibility analysis of response surface models %

fe A R? PR iR
AR 99.94 99. 88 99. 63
T (LA 7R 99.92 99.86 99.65
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Fig.4 Influence of interaction effects of significant influence factors on responses
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Tab.8 Comparison of simulated values, optimized values and
original values of response surface models

Em X, X, Xy X, fy/Hz  fHEREERY/%

DiEAE 5.25 11.25 62 20.78 45.112 1.15
ALl 5.25 11.25 62 20.78 44.599
JFEIR1E 4.25 15 72 16.63 23.422

T D) A AL B 38 R 3

H R e A R R 2R R B DI | /N AR X
PRI e J3E R 4 32 T (o 1 s ) [ A A3 0 R
P8 DAL v R I ) R 3 R T S B BRI A
JETE—RE R E 1 39 R 23 kN it A VR 2l i i v Y
TRBNRH Ty, BT80N FE 5 98 105 i 1) M RE FRp 25 1
RAAUA 22 5 2L 1R B AL FY, i 2 T B IR A9 T
A VEREARNS B AR, DTS Wi 48 16 A9 17 Bk 22 4
MEE I AR 3 £ JBE A o0 A, 16 R A e V52 88 A AR X
PRI e BE sl /I8 A I BE L e A 4 BV [ P 3 R
R Mg 5 VIR 2 4R i 1 0IR B 75 3 R4 Y 3
ol , 3 5 4 K [ A AR I 2 BB AR BT AT
PRI IHG g 39 D Ji 4 [l A A1 3 2 8 5 K T g 4
MBS IR R AT B A v AR Sl R, 24k T R e 2 4
0 6 3 1 AT B oy kgl R SR R
FR 45 A A 2 5 e BB SR A 22 5 T ) 4 0
P, ABE—IRIER By w AR .

4 Zig

TE IR 7 S iR 1 [ A 0 23 4 5 il DXL
A2 FCHUE L, DARE & B ey B A o U AR 20 1Y
= Wi [ 5 49 % R Wi 7, 1) FHPBD IR 36 M AR 2 52 i
PR i e e TR R X AR R B e R
IR g B VIS a4 B 3 R R 7, )
17CCDIR T 5 LAk 43 17, 458 45 b 35 M 52 g A+
T AR 5 300 X W 7 B AR BN 4598 .

(1) A HE 4 JEL 18 AR & g By DA it s/ R
X AR i R R R B B R AR I 14 [ A A
ZS i/

(2) P4 S 5 1 2 ) R 19 58 B30 R R FE
iy SRR SR e p A T RiER G Xl ety e BN T A ¢
RO VR e KRN X BRI s B /D A R
RS R B Fe/ N e 5L 32 R 2R 2 5 D0 o Fie
K AR FR I i B R A B S /s AR XS BRI
T/ VISR IR By VIR it fe K e 4w K B i/ NRILER &
i 3 DA it e RO

AR AR AT R NIA 05 BB AR s 5k
MRt — BT FEBERE T — 5 A

Sk

(1] XJR, 2 LBR, ko, 4. AR ST AR IR M 25 M B 5 J 24 PERELT.
I Tk, 2021, 68 (2) :83-90.

LIUC, LIFZ, LUY L, etal. Structural design and mechanical
properties of non-pneumatic tire[J]. China Rubber Industry,2021,68
(2) :83-90.

BRI AR RGBT S VERE AR ID]. 3 10+ 3 K27,
2021.

[2

=

LI D S.Structure design and performance analysis of non-pneumatic
tire[D]. Qingdao: Qingdao University,2021.

[3] DU X B, ZHAO Y Q, LIN F, et al.Numerical and experimental

investigation on the camber performance of a non-pneumatic
mechanical elastic wheel[J]. Journal of the Brazilian Society of
Mechanical Sciences and Engineering,2017,39 (9) :3315-3327.
R AEFE AR R I mdiR s 0 1AM ID]. L st e s fb TR,
2022.

[4

=

LIANG Z. Simulation analysis of high—speed vibration of non—
pneumatic tire[D]. Beijing: Beijing University of Chemical
Technology,2022.

[5] LEE C H, JUJY, KIM D M. The dynamic properties of a non—

pneumatic tire with flexible auxetic honeycomb spokes[C].
Proceedings of 2012 International Mechanical Engineering Congress
and Exposition. New York: American Society of Mechanical
Engineers,2012:605-615.

[6] RUTHERFORD W, BEZGAM S, PRODDATURI A, et al. Use of

=

orthogonal arrays for efficient evaluation of geometric designs for
reducing vibration of a non-pneumatic wheel during high-speed
rolling[D]. Clemson: Clemson University,2009.

[7] NARASIMHAN A. A computational method for analysis of material

i

properties of a non-pneumatic tire and their effects on static load
deflection, vibration and energy loss from impact rolling over
obstacles[D]. Clemson: Clemson University, 2010.

[8] ZHANG Z F,FU H X, LIANG X M, et al. Comparative analysis of

=

static and dynamic performance of nonpneumatic tire with flexible
spoke structure[J]. Journal of Mechanical Engineering, 2020, 66 (7-8}
458-66.

BRI, A, A RIS T R T ST 0], W S PR R
i,2019,39 (1) :99-102.

GONG S Q, WANG H, ZHU J, et al.The experimental study on tire
modal analysis[J]. Noise and Vibration Control,2019,39 (1) :99-102.
[10] RAMACHANDRAN M, BEZGAM S, THOMPSON L L, et al. On

[9

the effects of edge scalloping for collapsible spokes in a non—
pneumatic wheel during high speed rolling[C]. Proceedings of 2009
International Mechanical Engineering Congress and Exposition.
New York: American Society of Mechanical Engineers, 2009 : 685~
697.

(] pfhde, e 745, B AR U TE ARG A RS A (0], BUBRE



8 (- 2023445704

2GR, 2022,41(6) :948-953. [16] Z2/NAS. TR A BRI 26 i 5T ID). 35 5 - 75 B A

XIANG Z B, AN Z J. Analysis on inherent characteristics of non— R, 2021.

pneumatic tire with bird’s nest structure type[J]. Mechanical Science

and Technology for Aerospace Engineering,2022,41 (6) : 948-953.
[12] LEE C H,JU J Y,KIM D M. Vibration analysis of non—-pneumatic

LI X L. Study on the influencing factors of radial tire modal
characteristics[D]. Qingdao: Qingdao University of Science and
Technology,2021.

(17] S0, P, AL , 45 W) IO 18T 325 A Y6 TR 90 7 L R S e
fELI]. HUbR B il , 202,372 (2) : 71-73, 7.
JIAL, CHENG HY, WEI W, et al. Optimization of foamed

tires with hexagonal lattice spokes[C]. Proceedings of International
Design Engineering Technical Conferences and Computers and
Information in Engineering Conference. New York: American

Society of Mechanical Engineers, 2012 :483-490.

[13] ZHOU H C, LIH Y, MEI Y, et al. Research on vibration reduction bitumen foaming control parameters by response surface method[J].
method of nonpneumatic tire spoke based on the mechanical properties Machinery Design & Manufacture,2022,372(2) : 71-73,77.
of domestic cat’s paw pads[J]. Applied Bionics and Biomechanics, (18] WARKE, BT SO, BHRDL, 45, 1 FHIE 22 1030 43 B i 7 2y P 5 i PR
2021:1-16. TREVEDL A5 5P, 2019, 48 (1) : 1-7.

[14] 2=t X050, TR, A5, 2T R sl 38 S AR A i i 4e i 1) HU Q P, JIAW Q, QI Y G, et al. Orthogonal analysis application
AR5 4 0. AR, 2021,19 (1) 2 15-19. on the significance analyzing of electrical indicators influence

LIHM, LIUBT, ZHANG K K, et al. Tire natural frequency factors[J]. Oil Field Equipment,2019,48 (1) :1-7.

[19] F=uasak, ot %, RN SR, 5. ma by T fb 1285 3 ke 1 2 00).
b2 5 T, 2022,39 (2) :32-36.
YAN L B, ZHANG Z L, CHEN Z Q, et al. Optimization in

measurement method based on high-speed uniformity data
analysis[J]. Rubber Science and Technology,2021,19(1) :15-19.

[15] AHr . SENGE5 S RO 1A AR B 2 BT SE (D). 7 8« 75 15 B

TR,2018.

ZHU X 1. Study on the influence of tire structure parameters on fermentation process for ascomycin production by response surface
natural frequency[D]. Qingdao: Qingdao Technological University, methodology[J]. Chemistry & Bioengineering,2022,39(2) :32-36.
2018. We#s H#A:2022-07-20

Analysis of Natural Frequency of Non-pneumatic Tire by
Response Surface Method

ZHENG Yongliang',ZHANG Lingxin',ZHOU Haichao'*,LI Zhao', WANG Ronggian
(1. Aeolus Tyre Co. ,Ltd,Jiaozuo 454003 ,China;2. Jiangsu University, Zhenjiang 212013, China)

Abstract: The response surface method was used to analyze the natural frequency of the non—-pneumatic
tire. The structure and material parameters (the influence factors) which affected the natural frequency of the
non-pneumatic tire were selected and their value ranges were determined, the significant influence factors
were screened from them,and the construction and optimization analysis of the response surface model were
carried out,so as to obtain the influence of significant influence factors on the natural frequency of the non-
pneumatic tire. The results showed that the natural frequency of the non-pneumatic tire increased with the
increase of the spoke thickness and the polyurethane shear modulus,and the decrease of the asymmetric arc
height and the spoke length, while other significant influence factors remained unchanged. When considering
the interaction effect of the two significant influencing factors, the peak natural frequency of the non-
pneumatic tire occured when the spoke thickness was the largest and the asymmetric arc height was the
smallest, the spoke thickness was the largest and the spoke length was the smallest, the spoke thickness and
the polyurethane shear modulus were the largest, the asymmetric arc height and the spoke length were the
smallest, the asymmetric arc height was the smallest and the polyurethane shear modulus was the largest, the
spoke length was the smallest and the polyurethane shear modulus was the largest.

Key words: non-pneumatic tire; natural frequency; response surface method; significant influence

factor;structural parameter; material parameter; optimization analysis



