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ABSTRACT 
Extensive studies have been proposed for on/off-road light and heavy equipment non-Pneumatic Tyres (NPTs) 

due to their advantages over the traditional pneumatic tyre in low rolling resistance, flat-proof, low maintenance.  

Many studies were focusing on the elastomer material asthe primary material using in NPT. In this paper, NPT 

finite element (FE)model with honeycomb spokes containingpolyurethance/carbon nanotubes (PU/CNTs) is 

investigated. The NPT static behaviour of vertical stiffness, and contact pressure are studied. Rolling resistance 

and dynamic shear stress are also studied. The parametric study shows that PU/CNT makes a significant effect 

on rolling resistance. 

KEYWORDS: Non-pneumatic tyre (NPT); rolling resistance; carbon nanotubes (CNTs); FEM.  

 

 

I. INTRODUCTION 
Researchers are still ongoing to developnon-pneumatic tyres (NPTs) made from polyurethane (PU) 

instead of rubber
1
. PU is significant because it is positively effect on the energy, contact behaviour between the 

NPT and road, entirely recyclable, and non-vulcanized make it more environmentally friendly unlike the 

conventional tyre manufacturing methods require
2,3,4,5,6

. Many researchers have attempted to improve the 

structural performance of the NPTs, Ju et al.
7
 reduce NPT rolling resistance by reducing the material volume 

using porous topology without scarifying stiffness. Kim et al.
8
 investigate the contact pressure of hexagonal 

honeycomb spokes ofNPT and found that it is lower than the similar traditional pneumatic tyre contact pressure 

as a hexagonal honeycomb spoke has high lateral stiffness. On the other side, many researchers aimed to 

improve the PU mechanical properties. Thyagaraja.
9
 replace the viscoelastic PU shear layer in NPT with linear 

elastic materials to reduce the corresponding rolling resistance.Ju et al.
10

 investigate the influence of the metallic 

shear band on lunar NPTcontact pressure. In PU research, Xiong et al.
11

have fabricated a chemical compoundof 

a polyurethane and carbon nanotube elastomer composite, and analyzeit’s dynamical mechanical thermal 

properties, and Thermal stability. The mechanical properties results showed an improvement in the mechanical 

strength, and thermal stability by adding 2% by weight of CNTs. That’s make carbon nanotubes are ideal 

reinforcing fibers for composites. CNT was used in pneumatic tyres to improve wear resistance, rubber cohesion 

strength, tensile and tear strength, rolling resistance, and vulcanization dynamic properties
12,13,14

. The increase in 

Young’s modulus and tensile strengths improve the performance of NPTs, which is the hypothesis of this paper. 

To evaluate the performance of NPT, a rolling resistance, contact pressure, stresses, and stiffness of the NPT 

with and without CNT on the unpaved soil has been studied at constant velocities approx. to 20, 40 and 60 

km/h. 

 

II. MATERIAL AND METHODS 

2.1 Material 
The NPT outside and hub radii are 277, and 171 mm, respectively, and a cross-sectional width is 200 

mm. Figure 1 shows the tyre components;the rigid hub is made from an aluminum alloy, integrated with the 

spokes. The flexible honeycomb spokes and shear band are made of PU,and they are the basis of the NPT 

structure. The two inextensible membranes are made of high strength steel, to strength the shear band, and the 

three make a shear beam.The rubber is used, like the traditional tyre, to make the NPT tread. Tread, shear band, 

two inextensible membrane reinforcements, spokes, and hub thicknesses are 5, 20, 0.5, 5, and 1 mm, 

respectively.  
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Figure1.NPT components. 

 

Table 1 illustrates the properties of each component material used in this tyre.NPT spokes are designed 

for materials and structure to be uniform and flexible, to meet the combination of stiffness and resilience 

requirements
15

.Figure 2 illustrates the Hexagonal honeycomb spoke geometry and the honeycomb cell 

dimensions illustrated in table 2. As shown in Figure 2, horizontalcell length “h”, cell angle”θ”, and side spoke 

length “l”. 

 

 
Figure 2.hexagonal unit cell length. 

 

Table 1.Properties of tyre material. 

Material 
Density, 

ρ (kg/m
3
) 

Young’s 

modulus, 

E (MPa) 

Poisson’s ratio, 

Ν 

Shear modulus, 

G (MPa) 

Aluminum alloy 2800 72x10
3
 0.33 

_____
 

PU 1200 32 0.49 10.8 

ANSI 4340 7800 210 x10
3
 0.29 

_____ 

Rubber 1043 11.9 0.49 4 

 

Table 2.Dimensions of a hexagonal unit cell. 

Geometric 

parameters 
𝒂𝟏 𝒂𝟐 𝒂𝟑 𝒂𝟒 𝒉𝟏 𝒉𝟐 𝜽𝟏 𝜽𝟐 𝜽𝟑 

mm (degree) 22.9 21.1 21.3 24.1 26.9 21.8 22 32 35 

 

2.2 Modeling of soil and NPT 

To investigate the structural behavior of the model, ABAQUS 2018, a finite element numerical 

mathematic tool has been used.Structural analysis is conducted in a static, general step, to deform the tyrewith 
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the specified load applied at the center point of the tyre, and a boundary condition of this center is set free in the 

deform direction to study thedeformation, stress, contact shear, and the contact pressure distributions 

betweenthe soil and the tyre.While maintaining the previous load applied in the first step,rolling in the second 

step, are performed at different times, and boundary conditions are set free in 𝑦-direction “the direction of the 

tyre deformation”, and 𝑧-direction“the direction of the tyre rotation”. In contrast, the translation in 𝑥-direction is 

set to roll the tyre at constant velocities approx. to 20, 40 and 60 km/h.  In this step, the rolling resistance is 

calculated using the ALLCD ABAQUS function
15,16,17

. Both soil side edges are fixed in 𝑦-direction. Besides, the 

bottom edge in 𝑥- direction as shown in Figure 3
18,19

.The hub, spokes, and reinforcements are modeled as in-

plane quadratic beam elements. “B22” is the naming convention in ABAQUS for these elements. The shear 

beam and tread are modeled as biquadratic plane stress model with reduced integration. “CPS8R” is the naming 

convention in ABAQUS for theseelements. The soil is modeled as a plane strain model with reduced 

integration, named “CPE8R”.  

 

 
Figure3.soil boundary conditions. 

 

The ground's behavior is represented as the modified Drucker-Prager/cap plasticity model to describe 

the soil mechanical characteristics under compression specifically, and the FE soil model parameters, and the 

hydrostatic compression yield stress as a function of the volumetric inelastic strain are displayed in tables 3, and 

4, respectively
20.21

. The hyper-elastic strain energy used as an Ogden's hyper-elastic material model input for the 

pure PU material as in reference
22

. Besides the hyper-elastic strain energy behavior of the rubber used as in 

reference
23

.For a viscoelastic material behavior, PU is defined by the parameters of the Prony series given by 

equation (1)  

 

𝐺𝑅 𝑡 = 𝐺0  1 −  g 𝑖
𝑝
(1 − 𝑒

−𝑡
𝜏𝑖 𝑁

𝐾=1  23
       (1)  

 

Table 3.Soil parameters. 

Young's modulus 

[MPa] 

Poisson's ratio Cap eccentricity 𝑹𝒔 Initial yield surface 

position 

50.5 0.25 0.1 0.001 

Soil cohesion [MPa] Friction angle  [] Transition surface 

radius  

Flow stress ratio 𝑘𝑅  

0.113 14.56 0.03 1 

 

Table 4. Parameters for soil hardening effect 

Yield stress 

[MPa] 

0.02 0.025 0.063 0.13 0.24 0.42 0.61 0.93 2.52 

Volumetric strain 0 0.005 0.01 0.02 0.03 0.04 0.05 0.06 0.1 

 

Table 5 illustrates the Prony coefficients g 𝑖
𝑝
 and 𝜏𝑖

𝑝
of the PU and rubberfrom the previous 

equation
24,25,26

.The carbon nanotubes (CNTs) used in this research area hollow tube formed by a layer of carbon 

atoms with 9.5 nm diameter, and 1.5 µm length which makes it ideal reinforcing fibers for PU in this study. The 

purity of CNT is 90%. Young's modulus, Breaking stress, and fracture of the PU/CNT are summarized in Table 

6
27

. From various CNT loading ratios, a 2 wt.% of PU/CNT have been selected in this study. According to the 

Chinese national standard GB/T 582-1998, the stress-strain curve for PU and PU/CNT are shown in Figure 4. 

The storage modulus increased while the damping factor decreased with increasing the CNT content in 

PU
28,29,30,31,32,33

. 
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Figure4.Neat PU and 2 wt.% PU/CNT Stress–strain curves

29
.

 

Table 5.PU and rubber three viscoelastic coefficients. 

  𝟏 𝟐 𝟑 

PU 
g𝑖  0.125 0.125 0.125 

𝜏𝑖  0.002 0.02 0.2 

Rubber 
g𝑖  0.2 0.2 0.2 

𝜏𝑖  0.002 0.02 0.2 

 

Table 6.PU/CNTmechanical properties. 

Sample  Young’smodulus 

 (MPa) 

Tensile strength 

 (MPa) 

Fracture strain 

 (%) 

PU/CNT 0.5% 74.8±3.3 30.5±1.8 510±5.1 

PU/CNT 1% 83.2±3.8 29.3±1.6 510±5.5
 

PU/CNT 1.5% 70.7±3.5 28.4±2.1 482.6±6.4 

PU/CNT 2% 74.8±3.1 27.2±1.9 531±5.2 

 

III. RESULTS 
The use of CNT in NPT has a significant effect on tyre performance. It is observed in Figure 5 that the 

maximum contact pressure between the NPT and the soil surfaceis 0.247 MPa for PU/CNT at a vertical load of 

3000 N, higher than that of the PU, which is 0.193 MPa. The comparison between the maximum contact 

pressure at different vertical loads for PU and PU/CNT is shown in Figure 6.It is observed that the PU/CNT 

increased with the increase of vertical load higher than the case of pure PU.  
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Figure5.Variation in NPT contact pressure for PU and PU/CNT. 

 

 
Figure6.Compare between maximum contact pressure with different loads at 20km/h for PU and PU/CNT. 

 

Figure 7 shows the maximum contact pressure at 1000, 2000, and 3000 Nvertical loads at various 

speeds for Neat PU and PU/CNT. The maximum contact pressure increasees slightly, with the speed increase at 

the same vertical load.The increase in maximum contact pressure in PU/CNT from speed 20 to 60 km/h at3000 

N is 1.6%, while the increase from load 1000 to 3000 at speed 60 km/h is 48%. 

 

 
 

Figure7.Maximum contact pressure at various loads/speeds for PU and PU/CNT. 
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The average contact shear stress between NPT and the soil forvertical loading of 3,000Nis analyzed.  

Figure8 shows the contact shear stress of the NPT at rolling step. It is observed that the shear stress for PU/CNT 

is higher than that of PU. Figure 9 shows the maximum value of contact shear at vertical loads 1000, 2000, and 

3000 Nat various speeds for PU and PU/CNT. The maximum contact shear stress increased slightly, with the 

speed increase at the same vertical load. The increase in maximum shear in PU/CNT from speed 20 to 60 km/h 

at 3000 N is 6.5%, while the increase from load 1000 to 3000 at speed 60 km/h is 66.3%. 

 

 
Figure8.shear stress at rolling 

 

 
Figure9.Maximum shear stress at various loads/speeds for PU and PU/CNT. 

 

The static load-deflection procedure shown in Figure 10are used to determine the tyre vertical stiffness 

as shown in Figure 11 by using the relationship between load-deflection (δ)and vertical stiffness (𝐾)at a 

specified vertical load (F) asdefined in equation 2; 

 

𝐾 =
𝐹

𝜕
           (2) 
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Figure10.Variation in vertical deflection for PU and PU/CNT. 

 

 
Figure11.Variation in vertical stiffness for PU and PU/CNT. 

 

Based on equation (1), the tyre with PU/CNT is stiffer more than PU, as shown in Figure 12. 

 

 

 
a) Neat PU    b) PU/CNT 

 

Figure12.NPT deflection  (a) with PU, and (b) with PU/CNT. 
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The maximum stresses vary with the roll of NPT. Figure 13 illustrates the values of the maximum Von 

Mises stress at various loads, and it is observed thatthe stresses are reduced when added carbon nanotube to the 

polyurethane.  

 

 
Figure13.Variation in maximumVon Misesstresses for PU and PU/CNT. 

 

Rolling resistance (𝑅𝑟 ) calculated bythe viscoelastic energy dissipation (𝑊𝑑 ) of an NPT per unit rolling distance 

(𝐷) as illustrated in the following equation with a friction coefficient µ= 0.65. The results is numerically 

obtained in ABAQUS by the history output(ALLCD)
34,35

. 

 

𝑅𝑟 =
𝑊𝑑

𝐷
          (3) 

 

Therolling resistance responseusing PU and PU/CNT is compared, as shown in Figure 14.Rolling 

resistanceresult using PU/CNT is 112.2N, while the result using pure PU is 89.3 N at the vertical load 

4000N.Figure 15 shows the rolling resistance values at 1000, 2000, and 3000 N vertical loads at various speeds 

for Neat PU and PU/CNT. The rolling resistancedecreased with the speed increase at the same vertical load. The 

increase in rolling resistance in PU/CNT from speed 20 to 60 km/h at 3000 N is 18.4%, while the rolling 

resistance increasewith the load increase, the risefrom load 1000 to 3000 at speed 60 km/h is 85.2%. 

 

 
Figure14.Variation in rolling resistance for PU and PU/CNT at speed 20km/h. 

PU/CNT

PU

0

50

100

150

200

250

300

1000 2000 3000 4000

PU/CNT 78.5 155.5 143.1 166

PU 124.2 169.1 203.2 289.2

M
ax

im
u

m
 s

tr
es

s 
M

P
a

Vertical loads N

0

20

40

60

80

100

120

0 1000 2000 3000 4000 5000

R
o

lli
n

g 
R

es
is

ta
n

ce
 N

Vertical load N

PU/CNT PU



Effect of Carbon Nanotubes on Characteristics Performance of Non-Pneumatic Tyres 

International organization of Scientific Research                                                          28 | Page 

 
Figure15.Rolling resistance at various loads/speedsfor PUand PU/CNT. 

 

IV. CONCLUSION 
A PU/CNT was suggested, and its structural performance on the rolling resistance was investigated when used 

on an NPT. The significant findings in this study are as follows: 

 The parametric study shows that PU/CNT makes the NPT stiff, resulting in a reduction in vertical 

deflection and an increase in the peak contact pressure value. 

 Reduce the von mises and shear stresses.  

 Increase rolling resistance of NPT by 18.4% at 4,000N in the unpaved soil, which make it more 

suitable for a paved road. 

 

REFERENCES 
[1] Rhyne, T.B. and S.M. Cron, Development of a non-pneumatic wheel. Tire Science and Technology, 

2006. 34(3): p. 150-169. 

[2] Veeramurthy, M., Modeling, finite element analysis, and optimization of Non-Pneumatic Tire (NPT) for 

the minimization of rolling resistance. 2011. 

[3] Rhyne, T.B. and S.M. Cron, A study on minimum rolling resistance. Tire Science and Technology, 2012. 

40(4): p. 220-233. 

[4] Veeramurthy, M., et al., Optimisation of geometry and material properties of a non-pneumatic tyre for 

reducing rolling resistance. International Journal of Vehicle Design, 2014. 66(2): p. 193-216. 

[5] Kuwayama, I., H. Matsumoto, and H. Heguri, Experimental and numerical analysis of the conceptual 

next generation ecology tire (first report). SAE International Journal of Passenger Cars-Mechanical 

Systems, 2013. 6(2013-01-0741): p. 714-731. 

[6] Yoo, S., et al., Deformation and heat generation in a nonpneumatic tire with lattice spokes. 2015, SAE 

Technical Paper. 

[7] Ju, J., D.-M. Kim, and K. Kim, Flexible cellular solid spokes of a non-pneumatic tire. Composite 

Structures, 2012. 94(8): p. 2285-2295. 

[8] Ju, J., D.-M. Kim, and K. Kim, Static contact behaviors of a non-pneumatic tire with hexagonal lattice 

spokes. SAE International Journal of Passenger Cars-Mechanical Systems, 2013. 94: p. 1518-1527. 

[9] Thyagaraja, N., Requirements determination of a novel non-pneumatic wheel shear beam for low rolling 

resistance. 2011. 

[10] Ju, J., et al., Design of cellular shear bands of a non-pneumatic tire-investigation of contact pressure. SAE 

International Journal of Passenger Cars-Mechanical Systems, 2010. 3(2010-01-0768): p. 598-606. 

[11] Xiong, J., et al., The thermal and mechanical properties of a polyurethane/multi-walled carbon nanotube 

composite. Carbon, 2006. 44(13): p. 2701-2707. 

[12] Mukhtarov, A., et al., Carbon nanotubes in tyre rubbers. Part 2: A study of the effect of nanotubes on the 

properties of carbon-black-filled tread rubbers. International Polymer Science and Technology, 2017. 

44(3): p. 19-24. 

[13] Oh, W.S., et al. Reinforcement of Abrasion Resistance for Tire Tread filled with Multi-Wall Carbon 

Nanotubes (MWCNTs). in NSTI-Nanotech. 2009. 

11.3

9.4

8.2

9.4

7.4

6.2

35.6

30.7

27.6

29.1

23.9

20.7

68.2

60.4

55.6

56

47.1

41.4

0 10 20 30 40 50 60 70 80

20 km/h

40 km/h

60 km/h

20 km/h

40 km/h

60 km/h

P
U

/C
N

T
P

U

3000 2000 1000



Effect of Carbon Nanotubes on Characteristics Performance of Non-Pneumatic Tyres 

International organization of Scientific Research                                                          29 | Page 

[14] Zhou, X., et al., New fabrication and mechanical properties of styrene-butadiene rubber/carbon nanotubes 

nanocomposite. Journal of Materials Science & Technology, 2010. 26(12): p. 1127-1132. 

[15] Zhang, Q., et al., Bioinspired engineering of honeycomb structure–Using nature to inspire human 

innovation. Progress in Materials Science, 2015. 74: p. 332-400. 

[16] Kim, K., et al., Optimization of nonpneumatic tire with hexagonal lattice spokes for reducing rolling 

resistance. 2015, SAE Technical Paper. 

[17] Aboul-Yazid, A., et al., EFFECT OF SPOKES STRUCTURES ON CHARACTERISTICS 

PERFORMANCE OF NON-PNEUMATIC TIRES. International Journal of Automotive & Mechanical 

Engineering, 2015. 11. 

[18] Pewekar, M.M. and S.D. Gaikwad, Strength Validation of Hexagonal Cellular Spoked Non-Pneumatic 

Tires for Automobiles through Finite Element Analysis. International Journal of Scientific Research in 

Science and Technology (IJSRST), 2018. 4(5): p. 1044-1055. 

[19] Ma, J., J. Summers, and P. Joseph, Dynamic impact simulation of interaction between non-pneumatic tire 

and sand with obstacle. 2011, SAE Technical Paper. 

[20] Ma, J., Numerical Investigation of Dynamic Impact between Cellular Shear Band Based Non-Pneumatic 

Tire and Sand with Obstacle. 2013, SAE Technical Paper. 

[21] Li, H., Analysis of Off-Road Tire-Soil Interaction through Analytical and Finite Element Methods. 2013. 

[22] Du, X., et al., Numerical analysis of the dynamic interaction between a non-pneumatic mechanical elastic 

wheel and soil containing an obstacle. Proceedings of the Institution of Mechanical Engineers, Part D: 

Journal of Automobile Engineering, 2017. 231(6): p. 731-742. 

[23] Kanyanta, V. and A. Ivankovic, Mechanical characterisation of polyurethane elastomer for biomedical 

applications. Journal of the mechanical behavior of biomedical materials, 2010. 3(1): p. 51-62. 

[24] Pina-Hernandez, C., et al., Processing and mechanical properties of natural rubber-ZnFe 2 O 4 

nanocomposites. Journal of materials engineering and performance, 2007. 16(4): p. 470-476. 

[25] Systemes, D., Abaqus 6.12 Analysis User’s Manual Volume III: Materials. 2012. 

[26] Ju, J., et al., Rolling resistance of a nonpneumatic tire having a porous elastomer composite shear band. 

Tire Science and Technology, 2013. 41(3): p. 154-173. 

[27] Reich, S., C. Thomsen, and J. Maultzsch, Carbon nanotubes: basic concepts and physical properties. 

2008: John Wiley & Sons. 

[28] Kalakonda P, Banne S, Kalakonda P (2019) Enhancedmechanical properties of multiwalled carbon 

nanotubes/thermoplastic polyurethane nanocomposites. Nanomaterialsand Nanotechnology 9: 

184798041984085. Available: http://dx.doi.org/10.1177/1847980419840858. 

[29] Shokry, S., et al., Synthesis and characterization of polyurethane based on hydroxyl terminated 

polybutadiene and reinforced by carbon nanotubes. Egyptian Journal of Petroleum, 2015. 24(2): p. 145-

154.Xia, H. and M. Song, Preparation and characterization of polyurethane–carbon nanotube composites. 

Soft Matter, 2005. 1(5): p. 386-394. 

[30] Kanbur, Y. and U. Tayfun, Investigating mechanical, thermal, and flammability properties of 

thermoplastic polyurethane/carbon nanotube composites. Journal of Thermoplastic Composite Materials, 

2018. 31(12): p. 1661-1675. 

[31] Yaghoubi, A. and M.M.A. Nikje, Silanization of multi-walled carbon nanotubes and the study of its 

effects on the properties of polyurethane rigid foam nanocomposites. Composites Part A: Applied 

Science and Manufacturing, 2018. 109: p. 338-344. 

[32] Guo, S., et al., Preparation and characterization of polyurethane/multiwalled carbon nanotube composites. 

Polymers and Polymer Composites, 2008. 16(8): p. 501-507. 

[33] Schuring, D., Energy loss of pneumatic tires under freely rolling, braking, and driving conditions. Tire 

Science and Technology, 1976. 4(1): p. 3-15. 

[34] Kim, K., et al. Contact pressure of a non-pneumatic tire with 3D cellular spokes. in Proceedings of the 

ASME International Mechanical Engineering Congress and Exposition. 2011. 

 

 

 

 

Ahmad Mustafa, et. al. "Effect of Carbon Nanotubes on Characteristics Performance of Non-

Pneumatic Tyres." IOSR Journal of Engineering (IOSRJEN), 10(9), 2020, pp. 20-29. 

 

 

 


