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Abstract: To address prominent issues of conventional pneumatic tires being prone to punctures and blow-
outs under complex agricultural operating environments, a non-pneumatic tire based on a double-headed
arrow cellular structure with negative Poisson’s ratio (NPR DACS) is proposed. Firstly, a gradient NPR
DACS support was established to replace conventional pneumatic units and then a finite element model of
double-headed arrow non-pneumatic tire (DANT) was developed. Secondly, a parametric simulation plat-
form was developed through Abaqus secondary development and the ground contact characteristics, triaxi-
al stiffness, ditch-crossing and obstacle negotiation capability of DANT were systematically researched.
Then, static mechanical response patterns and dynamic mechanical performances under unstructured road
conditions were revealed. Furthermore, response surface models for radial stiffness, maximum contact
stress, and mass of DANT were established and a multi-objective genetic algorithm was employed to con-
duct multi-objective optimization design of DANT. The radial stiffness of optimized DANT increased by
7.13%, maximum contact stress was reduced by 15.63% and mass decreased by 5.70%. Eventually,
DANT prototype was fabricated and field tests were conducted. The results demonstrate that contact
stress is reduced by an average of 18.82% when using the DANT samples compared with conventional
pneumatic tires during deep tillage. Thus, the engineering applicability of DANT under complex agricul-
tural working conditions is validated.

Key words: cellular structure with negative Poisson’s ratio; non-pneumatic tire; parametric modeling;

agricultural working conditions; multi-objective optimization
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1.0 1.1 1.2 1.3 1.4 1.5 1.0 1.1 1.2 1.3 1.4 1.5
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a. KR E b. FE[RE

B 13 DANT 73R 3% B B 43 38 TR T 48405 o8 i B e 2%

65 b O I KT i R R ) e R AN 14 o . L 14a R, 0 Bk B BoKOE I S &
Jry BB W JS [ v . S RBIME B Sl . HoMR R R, WO SRR AR S . KO s I R IR . R D)
HRE R . HR R EE R . F B 14 T, ) R T AR B 1) i R AR AR DN i v R TR Dk B
R BB, R AR . BEE AR B3, VA R R O B R e, SRR L &R
et o A e o RE B,

3.2 HREEE

P DANT Y8R ER 7 24 Rt 76 K B T 15 8 AN ) o 8 0 9 2 ) R A4 DA T 4 i 45 I i 4 T
FRAE RGBS B R A Bl 15 BRR, 43 R E T AR T E BB Ak RN Bl A B R eae (251 50,
75, 100 mm), DL R TE [ & & BE AR R SO B AR ) B8 B d e (25 50, 100, 150 mm) 2 A EUEB L7 %,
b 5 S R RS 38 0K A RADA MIMESE BTG . [ B, N B0 iR T 5 B A 4 7 o0 B . BRAS KR BN
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E 15 DANT 5ERBRYNSEMIETERE
T, PRHCT AN A B B S N B9 DANT FUifi i, e 16 fros. @& 16a nf 0, 244
R d yyuae =50 mm B, B4 BT DANT R UL 0952 W5 R A R . 18 i B A 40 A5 e 5 10 1) 447 8 Dk
/ANo HIPE 16D TR HAREE hogpia =50 mm B, FEAFY 50N DANT 09 F UUA R HAT BE W, i i
Yy vE BE BRI, AT ARDT K SCEER S 1 AR B AR RN . S ECT UL A ] BRRAR . Y S8 R 100 mm
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A& TE DANT AREMERE . [ 38 1 S5 i K 3 AR, AR SCLL DANT 42 1] W/ B2 i G L e R4 3
J1 N SN IR E R, BL O, 0, 1oy g0 Flq, 5 DNESEAE R &, XF DANT JFR L%
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10 30 ——
hobstacle 5 mm dobstacle 5 mm
Zobstacle mm Zobstacle mm
obstacle 5 mm 251 obstacle 5 mm
8 hobstacle7 0 mm d bstacle7 0 mm
201
E :
§ =15t
& 8
4r =i
10+
2F st
0 1 1 1 1 0 1 1 1
2 000 4 000 6 000 8 000 2 000 4 000 6 000 8 000
H /N HE/N

Kl e Coe WECRIEHIN F15 M, i DANT B 5 2 .
i F DANT (1 532
M, B R RS N AT B E 3 T A R AR Ny T BB A,

KEFR, AR R E R RS E AR M 17 PR,

a. RNEERTEE TDANTH - NMRAB L

b, (A EISAITEE T DANTH B - NS 2k

El16 AEERYSEMEET DANT WEEF-TNB %

Subjected to:
15°<C 0, << 40°
45° <0, < 70°
0, —0, > 20°

1.00 < g, < 1. 10
1.00 < g, < 1. 08

PERE S S R Y 45

2.5 mm<Ct, < 4.5 mm

Objective Function: Min F =(— K, C,» M)
Var: 0, 0,5 25 g4 q,
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% 6 R, F. RTINSk AR > 544k 13

R FE BT H AR S BT AR A B R G R . R R SR T8 52 7 A (Optimal Latin Hypercube
Sampling, OLHS), fE& AR AR 30 2IFEAE . IF A1 DANT 280605 5% 6 15 B drdi it
LSRN

F4 ETOLHS FEMMBESBIRER

75 0,/ 0,/(% t,/mm a0 q, K,/(Nemm ') C,/MPa M, /kg
1 26. 22 52.55 2.95 1.010 1.033 0 190. 84 0. 461 14.1
2 19.08 58.27 3. 40 1. 002 1.062 0 505. 05 0. 544 15. 8
3 21. 63 60. 82 2.75 1. 006 1.018 0 265. 11 0. 440 13.6
4 19. 59 55. 20 3.81 1.053 1.080 0 468. 65 0. 467 17.5
5 22. 65 59. 80 4.42 1. 039 1.003 0 387. 90 0.514 18. 2
6 34. 90 55. 14 3.56 1.035 1.002 0 186. 01 0.471 15.5
7 38.98 64. 90 3.11 1.033 1.064 0 110. 12 0.412 13.6
8 24.18 53. 67 2.58 1. 090 1.046 0 182. 88 0.427 13.4
9 15. 00 54. 69 3.97 1. 067 1.0310 968. 62 0. 443 17.8
10 36. 94 62. 86 4.21 1. 063 1.070 0 288. 68 0.553 17.1
11 39.49 53.16 2.62 1.018 1.038 0 67. 48 0. 449 13.3
12 33.37 52.65 3.28 1. 004 1.074 0 151. 01 0.478 15.1
13 17. 04 66.43 2. 99 1. 047 1.069 0 461. 68 0. 465 14.8
14 27. 24 59. 29 2.50 1.031 1.059 0 181. 16 0. 463 12.7
15 40. 00 57. 24 3.93 1. 020 1.041 0 80. 26 0. 499 16. 8
16 26.73 70. 00 3.19 1.012 1.049 0 320. 51 0.535 14. 3
17 29. 29 54.18 2.54 1.053 1.011 4 158. 08 0. 466 12.9
18 38. 47 56. 22 2. 66 1.076 1.047 3 83. 68 0. 433 13.3
19 21.12 58. 27 4.50 1.027 1.051 0 713. 42 0.533 18.9
20 35.92 65. 92 2. 90 1.022 1.016 3 130. 55 0. 453 13. 4
21 29. 80 49.08 4.37 1.014 1.026 0 349. 28 0. 450 18.3
22 30. 31 63. 88 3.07 1.078 1.078 4 243.57 0. 468 14.3
23 30. 82 48.57 2. 86 1. 057 1.076 7 198. 54 0.393 14.6
24 25. 20 47.04 4.13 1. 069 1.009 8 512. 82 0. 466 18.2
25 18. 06 61. 84 3.43 1. 098 1.057 1 606. 35 0. 505 16. 2
26 35.41 51.63 3. 64 1.094 1. 066 9 179. 86 0.535 16. 6
27 36.43 45. 00 3.48 1.041 1.042 0 183. 54 0.543 16.9
28 16. 53 49. 59 2.82 1.043 1. 060 4 405. 52 0. 490 14. 6
29 32.35 65.41 3.72 1.100 1.042 0 204. 32 0. 498 16. 4
30 23.16 57.76 3. 36 1. 096 1.008 0 463. 39 0. 537 15.7

o1 T DANT B3t 728 5 H b 22 18] i B SR 5 2 sl AR 2tk o i 00 At 20 3O Ui i 700 Wiy 37 T 325
HA M i 5, U0 eSS A e s S5 00 5, IR AR 8 L B OLHS #EARSAS T W 328 & F i
(ARG VATIISE @
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K,=—79022.019 — 101. 0090, — 59. 5170, — 1 042. 008z, + 71 533. 601q, + 89 045. 918¢, +
0.40707 — 0. 001 510; — 59. 921¢z5 — 26 198. 203¢; — 42 797. 902¢; + 0. 009 510,60, —
10. 6040,¢, — 46. 9350, q, — 135. 1220, q, — 4. 6260,¢, — 11. 0110, q, + 82. 7250,q, +
172.3131,q, + 1 896. 108t,q, — 13 962. 32q,q, (13)
C e = — 14. 309 4+ 0. 022 60, + 0. 006 830, — 1. 097¢, + 3. 065¢, + 27. 695¢, —
3. 10307 + 8. 60805 — 0. 005 5615 + 7. 645g; — 5. 13g; — 0. 000 281 16,0, +
0.002 060,1, +0.032 30,q, — 0. 043 50,q, + 0. 004 770,¢, — 0. 042 70,q, + 0. 020 10,q, +
0.328,q, + 0. 487t,q, — 17. 836q,q, (14)
M, =—230.19+0. 38160, + 0. 4430, — 1. 4917, + 137. 028¢, + 289. 083¢, +
0.001 4207 + 0. 001 8905 — 0. 041 9¢5 — 39. 221q; — 76. 775q; — 0. 003 480,60, —
0.004 4901, +0.1280,q, — 0. 3970,q, — 0. 016 40,¢, + 0. 2710,q, — 0. 8020,q, +
2.965¢,q, + 2.5581,q, — 74. 613q,q, (15)
3k 32 W HE 5 3845 8 1 (Non-Dominated Sorting Genetic Algorithm, NSGA) & — 3 T 4= ¥ ¥ 1k 318
FARIAM AR L AT NSGA- 1132 FH 41 45 HE 25 190 B B e o o] — 3F S B 45 2% 1 A IR R AT i 8 . NS-
GA- Wiz 4341 2 7% i AE w4 B AR b ERe RS Z2 A6 1 DA B SO 55 m M St A 2 e . AR SR
NSGA-MI % DANT &£ Hinth b it M NSGA-ME b IE 4 s, & R B RE S, LS i/
A HE U R U e 25 ¥ 2 8, HARas=UanT
K,—K, Correes — C s M, —M,

K, —K,_ +/e2 ——cC.. +k3th —M (16)

Ak, X RERAE RE =1, 2, 3: K, MK, %ﬂuj DANT@WJIJ (R UNER SN
Corress, FNC s, 5350 DANT B K filh 5 F 19 /1N {E%nazj:{ﬁ; M, AM, 5ol DANT Ji ) i
UNEE PN
R R N ) B S W TR T e TR B A R 0, O AR AR SE AR IR X e S A TR SN, AL £, X
BN L 20 ey Bekes SPIBEE N 1. LR SR 2 BO05R 5 IR . AL RO AR R 500 06 (AT
. DANT B4R m R HETE T 7. 1300, fe RN J) FRE T 15. 63040, BRI T 5.70%.
®5 MBRESHLERTTLL

S:kl

press

e 0,/ 0,/ t,/mm ) q, K,/(mm+N")  C,../MPa M, /kg
WA 27.5 55. 0 3.5 1. 05 1. 04 316. 65 0.512 15.8
AL 5 24.3 51.3 3.67 1.03 1. 06 339. 24 0.432 14. 9

5 DANT 4 ggi 38 36 1iF

R A S T 8% DANT gEAT T, R R HI 6061-T6 A 4. RN 1 e dg e ny it . i
WEAMEIEM . TERE B M BT T AEMIE M TR 2 MR, )5 59 DANT B iniE 18 Fros .
AN A s 5 - S 3 THT Y 2 Al 5 00 15 4 L 1 T B ORIN IR A AR G . O T DAN'T 5 17 9 4 fik 1 R
W TR BURE 7 O T 6 T 5 M TR Ak ) R L, BRI TR TR AR 1] B T DANT #2300 3 89 R/ K g A,
K19 B . BEAE AR 1] 2 B34 0, e 000 A B9 0 €0 DX IIGBERe A, 2060 o iR TR, 00 U 422 ik i AR 4
IO 73 ¥ B AR 1) 280 A7 ) TIPSO Bk 5 F R X E A R B8 A RN R R
PR —E, BAE T SRR BT B T SR
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R, F. RL TN TFRAFRELLL BRI E KA

15

B 18 DANT #84

R 71/MPa

+4.366e-01
+4.002e-01
+3.638e-01
+3.275e-01
+2.911e-01
+2.547e-01
+2.183e-01
+1.819%e-01
+1.455e-01
+1.092e-01
+7.277e-02
+3.638e-02
+0.000e+00

a. 1000 N

R J1/MPa

+5.555e-01
+5.092e-01
+4.62%e-01
+4.166e-01
+3.703e-01
+3.240e-01
+2.777e-01
+2.315e-01
+1.852e-01
+1.38%-01
+9.258e-02
+4.629e-02
+0.000e+00

b. 2000 N

R J1/MPa

+8.241e-01
+7.555e-01
+6.868e-01
+6.181e-01
+5.494e-01
+4.808e-01
+4.121e-01
+3.434e-01
+2.747e-01
+2.060e-01
+1.374e-01
+6.868e-02
+0.000e+00

c. 3000N

19 FAEEMEEFHE T DANT it A KN K 57 E
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b H AR —E AR L e T PR S T AR R LA, 0T R e T R A TR S B 7R A [ I
B2 UF R RIR SRR B A £ A A CRIE OR Y L O THRSE DANT 5O [ -4 5 1 1 12 ful 175 00 . 6
AR AR [ AT 5 % DANT Folk 5858 iR 70 1 IF e [R1 6 1Y - S 32 TR A0, 4RG3 1 3 Bl 282 el
RIGESRR R AT, 3k 6 fron . R4 KRN DANT HIKEE DACS SCHEMRET S T 3%
B9 T3 27 3 BOSCR L R SR B/ . TS 22 DANT AR T B9 B8R SR T e oG . 383E 7 DANT
A U8k /0 - M e 5525 T B e A

F6 TRARBEITEZIERNRETERE

e A BN /N ‘ +HEAE/ (g em ) _ ‘j:ﬁéﬁﬁ
EURGRIEN flk sE g R DANT WNE %
W+ 1 000 1. 09 1.25 1.12 10. 40
2 000 1.27 1.23 3. 14
3 000 1.35 1.32 2.22
4t 1 000 1.23 1.33 1.31 1. 50
2 000 1. 43 1. 36 4.90
3 000 1.51 1. 45 3.97
it 1 000 1.35 1.45 1.39 4.14
2 000 1.48 1. 42 4. 05
3 000 1.53 1. 44 5. 88

INFUERFELI G54 W 20a BT . o8 T35 0F DANT (9 H 3R MR fg, FE R0 19 DANT 2248 76 /N Y
SER R BEIL L B SRR FEER G . A 200 BR .

LRz =aeln; 2. #71; 3. IEH
4. 5KTF; 5. PR, 6. sildl.

a INUTHH LA T A b. ZHEDANTHI/NLFHH
20 DANT ZIEHTE /BRI L

TEMC B o 43000 22 % DANT FARME 78 SHe 6 1 /N R R B UL AT 38 s S, B 1 e ) 1% 8 2
TR F A MR s Zead (9 H 4T )2 ANESERBEHLAE M 52 4 18 J5 10 5% 48 T A% 8 s B8 A DL 4y A AN TR I
JER HHER I E . RTINS DANT AR+ 80 B 1 50 25 sl 21 BioR, 7eAH IR 4 3
WHER . %6l DANT FEJHF /Y - 5807 ) I AR T A40lk 58 A B Ve F R (9 L3 ) . IR, 78 5 A iR B
AR DANT Fill st <58 i 1Y F- 35 15807 774351y 0. 138 MPa J2 0. 170 MPa, 3¢ DANT B 9 + 3
FIF > T 18,8206, RN BFHLAC 2 DANT AE 5 A7 RO AR 1 8 e SR B
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0.40 | 0383
\ 16.97% = fLHREmE
035 B DANT
0318
030 F
&
S ot 0.241 \ 18:67%
N 0.196
£ 0.20
B
o oast 0.124 \33.87%
0.10 - 0.082 0 065\10.77% 7.69%
063 058 —
0.05 0.039 0.036
0
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E21 ARTERETHTENAILE

i

I

.L/\

6 %

(A
AR SCHEF AR PR 0 5 2% B TR B0 BT AR R SRR, B E T — R A DANT, K
DANT W F/ANERBEHL b, X HIF R T 2R 0l , 53 DL 458 .

D) 52T AR B B DACS M8k 3t IR DACS B LM 3¢ R i 7 250k DANT R, R
Python 1A F Abaqus —IRIF & # T DANT WSH 5 5T, S8 T DANT BB £ 5 5 A A
ik, WERTET O EBCR.

2) TSP E-G, X DANT (4 = m M EE . 2 1t 58 5 S 1A e e P I 1740, &5 SRR 0 A
T P 6 50 11 1 o LA B S A A R R ) 38 KT B 25 4R T DANTT (AR 1) L 6% [ Rk 1] W32, (L [] sf 4 5 3K
I REEH N T3 BT, BeAh . DANT fEBk b . 85 80 I8 45 & 22l i 0 A RE AR 508 R i sh & ) 2= 1k g .
JREL T 5 R RE 1 S sh AR E k.

3) A xFAR A 2% T, DL DANT 48 [l W BE d5e L i R 42 b I g S5 /N R i e /N AR 4K H AR, L6,
O, ty qp Mg, YERPEALAS &, FIFH NSGA-M 5% DANT JF R Z Btk iseit. 1k)5 DANT 4218
MIBESETE T 7.13% » e REEHLN 3 FRET 15.63%, B/ T 5.70%.

O BT AR S B DANT FEJG I HIF R T 3 e mi 4 il i 56, DANT PILARE DACS 3 # 7R 45 1)
SCELT WA S  EOSCR . AR T A E I BN TR AR R . 208 DANT 5K\ <5
Ji6 53 ) 2 2 A /N Y VR B AL L R (R0, 0 25 S 3R I, 0 DANT B 9734 -+ 48 1 0 befil Ak e <
FRRETREAR T 18. 8250, DANT ML A W 35 W T R R SR B, SR AL R AF Y R R kg .

S 3K

(1] mgkmd, JEKEE, MIBG. R AL M BT AL 0 MATLAB B 58 mdste ot [J]. smRk K% AR
), 2015, 30(2): 283-288.

[2] FARHADIP, GOLMOHAMMADI A, SHARIFI MALVAJERDI A, et al. Tire and Soil Effects on Power Loss: Meas-
urement and Comparison with Finite Element Model Results [J]. Journal of Terramechanics, 2020, 92: 13-22.

(3] Wik, BT, &0k, % FBAEFERRBMRSHE (). SHEa TESM. 2024, 45(3): 172-180.

[4] HRYCIOW Z, JACKOWSKI J, ZMUDA M. The Influence of Non-Pneumatic Tyre Structure on Its Operational Proper-
ties [ J]. International Journal of Automotive and Mechanical Engineering, 2020, 17(3): 8168-8178.

[5] DENG Y J, WANG ZY, SHEN H, et al. A Comprehensive Review on Non-Pneumatic Tyre Research [J]. Materials &
Design, 2023, 227 111742,



18 THRFFHOGARBF R http://xbbjb. swu. edu. cn % 48 %
[6] PHROMJAN J, SUVANJUMRAT C. Non-Pneumatic Tire with Curved Isolated Spokes for Agricultural Machinery in

7]

[8]

[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

(21]

Agricultural Fields: Empirical and Numerical Study [J]. Heliyon, 2023, 9(8): ¢18984.

LIH Y, ZHOU H C, YANG ], et al. Study of the Dynamic Performance of Rolling Non-Pneumatic Tires Using Finite
Element Method [J]. Journal of the Brazilian Society of Mechanical Sciences and Engineering, 2022, 44(7): 289.
WUTY, LIMX, ZHU X L, et al. Research on Non-Pneumatic Tire with Gradient Anti-Tetrachiral Structures [J].
Mechanics of Advanced Materials and Structures, 2021, 28(22): 2351-2359.

ZHANG Z F. FU H X, ZHAO Q. et al. Pattern Design and Performance Analysis of a Flexible Spoke Bionic Non-Pneu-
matic Tire [J]. Journal of the Brazilian Society of Mechanical Sciences and Engineering, 2021, 43(1): 41.
DEZIANIAN S, AZADI M. Multi-Material Metamaterial Topology Optimization to Minimize the Compliance and the
Constraint of Weight: Application of Non-Pneumatic Tire Additive-Manufactured with PLA/TPU Polymers [J]. Poly-
mers, 2023, 15(8): 1927.

NIS Q, FUH X, LI X L, et al. Design and Simulation of a New Type of Composite Flexible-Spoke Non-Pneumatic Tire
[J]. Journal of the Brazilian Society of Mechanical Sciences and Engineering, 2024, 46(5): 310.

Mg, EENL BEM0, & BUERTRNR I EsIongmsisma (1] £ T%M, 2023, 44(7): 1938-1953.
SIMPSON J, KAZANCI Z. Crushing Investigation of Crash Boxes Filled with Honeycomb and Re-Entrant (Auxetic)
Lattices [J]. Thin-Walled Structures, 2020, 150: 106676.

SUN F Z, LIU M, WANG B M, et al. Properties of 3D Double-Arrow Negative Poisson’s Ratio Lattice Structure under
Quasi-Static Compression and Low-Speed Impact [J]. Advances in Materials Science and Engineering, 2022, 2022(1):
3726964.

LIZY, WANG X T, YANG ] S, et al. Mechanical Response and Auxetic Properties of Composite Double-Arrow Cor-
rugated Sandwich Panels with Defects [J]. Mechanics of Advanced Materials and Structures, 2022, 29(27): 6517-6529.
GAO Q, GE C Q, ZHUANG W C, et al. Crashworthiness Analysis of Double-Arrowed Auxetic Structure under Axial
Impact Loading [J]. Materials & Design, 2019, 161: 22-34.

ZHAO Y Q, ZANG L G, CHEN Y Q, et al. Non-Pneumatic Mechanical Elastic Wheel Natural Dynamic Characteristics
and Influencing Factors [J]. Journal of Central South University, 2015, 22(5); 1707-1715.

NARASIMHAN A. A Computational Method for Analysis of Material Properties of a Non-Pneumatic Tire and Their
Effects on Static Load-Deflection, Vibration, and Energy Loss from Impact Rolling over Obstacles [ D]. Clemson: Clem-
son University, 2010.

VEERAMURTHY M. Modeling, Finite Element Analysis, and Optimization of Non-Pneumatic Tire (NPT) for the
Minimization of Rolling Resistance [D]. Clemson: Clemson University, 2011.

B, TR, BRE. SF AT FR A IR EESEE I AR OE Ak ik it 5 [T, R AR R, 2023, 57(6):
1026-1034.

RN, ORAEIE, MRS, GF. R R0 R I 5 R SR R A% A A L) . T Rl KA AR AR, 2024,
58(4): 654-662.

REHRE Hél



