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Abstract. Non-pneumatic tires (NPTs) have emerged as a promising 
alternative to conventional pneumatic tires. In this study, a systematic 
parametric analysis was conducted to assess the influence of various design 
factors, including cell size, cell wall thickness, cell round radius, and spoke 
band thickness on the performance of NPTs. The Taguchi method, in 
conjunction with ANOVA, was employed to leverage the design of 
experiments (DOE) approach for identifying optimal settings for the 
examined factors. This investigation on sets revealed that both cell size and 
cell round radius have a significant impact on the mechanical performance 
of NPT. Specifically, cell size was shown to significantly affect the 
deformation and strain, with respective contributions of 48.74% and 
45.16%. Meanwhile, cell round radius exhibited a substantial impact on the 
von Mises stress and strain energy, with respective contributions of 44.02% 
and 45.30%. Moreover, spoke band thickness was observed to significantly 
influence the mass of airless tires, with a contribution of 44.75%. The 
findings of this study furnish valuable insights into the design and 
optimization of NPTs for diverse applications. 

 

1 Introduction 

Pneumatic tires have been in use for over a century, with the first patent for a pneumatic tire 
being issued in 1846. However, it wasn't until the late 19th century that pneumatic tires began 
to be widely used on vehicles. Despite their many advantages, one of the main disadvantages 
of pneumatic tires is the risk of flat tires. Pneumatic tires can develop a flat tire due to 
punctures, leaks, or other types of damage. This can be inconvenient and can also be 
dangerous if it occurs while driving. Pneumatic tires are also affected by environmental 
factors. They are sensitive to extreme temperatures, particularly hot and cold weather, which 
can affect their performance and lifespan [1]. 
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Non-pneumatic tires (NPTs) do not use air as a means of support. Instead, they rely on 
the mechanical properties of their structure to bear the load and provide traction, causing 
them to gain increasing attention in recent years due to their potential to improve the 
performance and efficiency of vehicles [2]. As compared to standard Pneumatic tires, NPTs 
do not suffer from punctures and do not require frequent air pressure checks, which can 
reduce maintenance costs and downtime. In addition, NPTs can offer improved ride comfort, 
better handling, and enhanced traction, especially in challenging terrain [3, 4]. 

Despite these benefits, the design of NPTs is a complex process, and the effect of various 
design factors on their characteristics and performance is not well understood [5, 6]. The 
studies found that design parameters of the spokes, including the initial elastic modulus and 
thickness of the honeycomb cell-wall and the cell angle, significantly affect the natural 
frequencies of identified in-plane and out-of-plane vibration modes in airless tires [7]. The 
optimized structure of the airless tire demonstrates significantly improved radial stiffness and 
antisymmetric pure longitudinal sliding characteristics, resulting in less vibration during 
braking and improved safety [8]. Jin et al. [9] contributed by investigating the dynamic 
parameters of a rolling honeycomb wheel in terms of the rolling resistance, tread stress, and 
stresses and deformations of the spokes. The wheel with a narrower cell angle resulted in a 
decreased rolling resistance, which was attributable to its significantly lower spoke 
deformation and mass. Jackowski et al. [10] evaluated the energy consumption of a 
pneumatic and non-pneumatic tire selected for size and application by empirically assessing 
the rolling resistance of each. Veeramurthy et al. [11] investigated the influence of geometric 
and material characteristics on the overall performance of non-pneumatic tire components. 
In particular, the optimization of NPTs for different application scenarios requires a thorough 
understanding of the trade-offs between different performance metrics such as load-carrying 
capacity, stiffness, lateral stability, energy absorption, and ride comfort [12]. 

To address this gap in knowledge, a parametric analysis was conducted to investigate the 
influence of different design parameters on the performance of NPTs. The parameters 
considered in the study included the Cell size, Cell wall thickness, Cell round radius and 
Spoke band Thickness. The objectives of the study were to: 

1. Identify the key design factors that influence the performance of NPTs. 
2. Understand the trade-offs between different performance metrics. 
3. Provide guidance for the design and optimization of NPTs for different 

application scenarios. 
Influence of parameters is studied by Taguchi method. It is based on the idea that quality 

of a product or process can be improved by designing experiments that systematically vary 
the input parameters (called "control factors") and measuring the output responses. It is a 
standardized fractional design strategy that enables the identification of nearly ideal 
circumstances and the relative relevance of each design aspect in a computationally efficient 
way using factorial parametric effects [13]. Taguchi technique has been extensively used to 
uncover near-optimal product designs or processes incorporating several parameters, 
particularly when there are no major interactions between the design components. The goal 
is to identify the optimal combination of control factor levels that will produce the desired 
output response with the highest quality and the least variation. ANOVA (analysis of 
variance) is often used in conjunction with Taguchi to analyse the data collected from 
experiments. By comparing the variance within the groups to the variance between the 
groups, it can determine whether the differences in the mean responses are due to chance or 
whether they are statistically significant.[14] Allowing you to determine whether the control 
factor levels have significant effect on the output response. 

All of these approaches provide valuable insights to study parameters and effects and 
design a sustainable and durable NPT. 
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2 Methodology 

The methodology is composed of deep literature review from previous work on Pneumatic 
as well as non-Pneumatic tires to design some sample models which can be used to determine 
contribution of each design parameter on tire characteristics for it to has lower value of Mass, 
Stress, Strain, Deformation and a higher value of Strain Energy. Following assumptions were 
made while designing this model: 

1. Linear isotropic stress-strain behaviour is assumed for tire material. 
2. Tire model is assumed to have smooth tread pattern to avoid excessive 

computational time and effort. 
3. Contact surface is assumed to be frictionless. 

 
Figure 1: Structure of NPT 

 

The NPT designed is made up of an Aluminium Hub in centre as shown in Figure 1. with 
a radius of 316mm and width of 215mm. Honeycomb Spokes and Shear band are made up 
of thermoplastic polyurethane (TPU). TPU material has both elasticity and stiffness at the 
same time [15, 16], having isotropic elasticity with shear modulus of 10 MPa. A uniform 
honeycomb structure, with cell of equal length and width is used (refer to Figure 2). The 
honeycomb structure is able to support a large amount of weight while still being lightweight 
[17]. Another advantage is its flexibility, as the structure can be customized to suit the 
specific needs of different vehicles and applications [18]. Additionally, the honeycomb 
structure is resistant to compression and deformation, which helps to maintain the tire's shape 
and performance over time [9, 19].   

 

Figure 2: Design Parameters 
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Shear beam having a thickness of 10.2 mm almost deforms completely due to shear as it 
reduces the impact of the change of spokes shape especially in contact pressure distribution 
[20]. It is sandwiched between two layers of inner and outer steel rings, made up of steel with 
1 and 0.75mm thickness respectively. These inextensible steel membranes are also called 
reinforcements due to their higher strength, higher circumference stiffness and low radial 
bending stiffness, preventing shear band from buckling [21]. Tread is made up of rubber, 
with a thickness of 2mm.  The material properties (by default in Ansys material library) are 
listed in Table 1: 

Table 1: Material Properties 

Material Density 
(kg/m3) 

Young Modulus 
(MPa) 

Poisson’s ratio Shear Modulus 
(MPa) 

Polyurethane 1265 32 0.49 10.7 
Stainless Steel 7800 210 x 103 0.31 8.01 x 104 
Aluminum alloy 2770 71 x 103 0.33 2.6 x 104 

Rubber 1000 11.9 0.49 3.9 

 
The simulation of tire models has made considerable use of Finite Element (FE) Analysis 

because of its capacity to resolve complex structural behaviours combining the nonlinearity 
of a material and its geometry [22]. The creation of 2D or 3D models, which will be the first 
step in the simulation process, is a critical component of any product design or improvement. 
These geometrical drawings represent and replicate the actual design details that can be used 
to validate the model in simulation and thus play an important role in product development 
[23]. Software used to design sample tires are SOLIDWORKS and CREO PARAMETRIC. 
Simulations are carried out using Finite Element method on ANSYS 2022. Evaluation is the 
process of systematically assessing resources and intended results in order to appropriately 
analyse design and FEA attributes. The default mesh size for target element i.e.., 5e-2 m was 
used, with a total 15180 number of nodes, and 72190 number of elements. 

By comparing responses in terms of spokes peak local stress and overall vertical 
deflection with reported data under identical normal loads, the validity of models with 
material properties and nominal dimensions was established. Initially six different sets of 
varying cell size and cell wall thickness were modelled and analysed, with their masses kept 
almost constant. Following that, numerical experiments were performed with various 
combinations of design parameters based on the Taguchi L16 orthogonal array to efficiently 
evaluate the main effect of each factor in each of the wheel response measures. As a result, 
the findings are discussed in order to provide design guidance for non-pneumatic tires. 

Initially, six different sets of honeycomb tires are modelled with spokes band outer radius 
of 233mm. At this stage, no cell round radius is considered. Following that, each wheel 
component was assembled using the surface-to-surface tie formulation or shared nodes. 
Following dimensions (Table 2) are being followed for six samples, provided the mass in 
each of them is constant: 

Table 2: Dimensions of sets bearing same mass 

Samples Cell Dimensions (mm) Cell wall thickness (mm) 
Case 1 55*55 6.6 

Case 2 50*50 6 
Case 3 45*45 5.4 
Case 4 40*40 4.8 

Case 5 35*35 4.2 

Case 6 30*30 3.6 
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 Because the Wheel Hub serves as a fixed support member for the wheel, it was 
completely constrained. It holds the inner surface of the wheel hub together. These are 
analysed on ANSYS at different load values of 500N, 1000N, 1500N and 2000N. 

 

Figure 3: Round Radius 

 

For the NPW with a specific wheel width and materials, the primary design factors that 
influence the mass, stress, strain, deformation and strain energy of the honeycomb wheel 
include the honeycomb cell-wall thickness, honeycomb cell size, round radius and 
honeycomb spokes band thickness. The concept of round cell radius corners is introduced, 
which refers to design feature where the corners of a cellular structure are rounded, rather 
than sharp (Figure 3). This feature is intended to reduce stress concentrations at the corners, 
can increase the overall strength and durability of the structure by reducing stress 
concentration and improving fatigue resistance. Results for previous values predicted suitable 
sets, which can we used for further calculations. Their values supposed for calculations are 
in (Table 3): 

Table 3 : Ranges of parameters 

 

3 Results and Discussion 

The mechanical performance of airless tire samples is simulated in Ansys (Figure 4). The 
focus is on determining the Von Mises stress, strain, deformation, and strain energy of the 
NPT samples under different loading conditions, allowing a detailed analysis of the 
behaviour of NPT and provide insight into how changes in design parameters can affect the 
overall performance of airless tires. 

Level Cell Wall 
thickness (mm) 

Cell Size(mm) Round Radius 
(mm) 

Shear Band 
Thickness 
(mm) 

1 35 4.2 2 233 
2 40 4.8 4 243 
3 45 5.4 6 253 
4 50 6 8 263 
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Figure 4: Simulating sample CASE 1 for (a) Von-Mises Stress (b) Equivalent Strain (c) Total 
Deformation (d) Strain Energy 

The simulation results demonstrated a trend in the behaviour of NPT samples varying in 
cell sizes and spoke band thicknesses under equal variable loads ranging from 500N to 
2000N. Sets with a specific ratio between cell size and spoke band thickness showed better 
performance in terms of stress, strain, deformation, and strain energy. This suggests that the 
size of the cells and the thickness of the spoke bands play an important role in the overall 
mechanical performance of airless tires. 

Sets 1 and 6, which had comparatively much bigger or much smaller cell sizes, were 
found to be less suitable as compared to the other four sets as shown in Figure 5. This 
highlights the importance of finding a balance between the cell size and spoke band thickness 
to achieve optimal performance. If the cell size is too big or too small, it can result in a 
decrease in performance and lead to a higher stress, strain, deformation, and strain energy. 
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Figure 5: Trends of Stress, Strain, Deformation, and Strain Energy for six different load sets. 

3.1 Design of experiments using Taguchi method: 

The Taguchi method, which employs orthogonal arrays for efficient experimental designs, 
represents the average effect of two levels of a design factor while taking into account 
variations in all other design factors. The results of ANOVA of main effects that resulted 
were used to determine the relative significance of each design factor for a specific 
performance measure. To perform ANOVA on the S/N ratio in a Taguchi experiment, the 
experimenter would first set up the experiment using an orthogonal array to systematically 
test the various factors and levels. The S/N ratio would then be measured for each 
experimental condition, and the data would be analysed using ANOVA to determine whether 
the differences in the S/N ratio are statistically significant. 

If the differences are found to be statistically significant, the experimenter can then use 
the ANOVA results to identify which factors have the greatest impact on the S/N ratio, and 
to determine the optimal combination of factors for the best performance. Table 4 shows an 
initial formulation of a L16 orthogonal array using the six two-level factors design. 

 

Table 4: Taguchi L16 array 

L16 Orthogonal 
Array 

Cell Size 
(mm) 

Cell Wall 
thickness (mm) 

Round Radius 
(mm) 

Shear Band 
Thickness (mm) 

Set 1 35 4.2 2 233 
Set 2 35 4.8 4 243 

Set 3 35 5.4 6 253 
Set 4 35 6 8 263 

Set 5 40 4.2 4 253 
Set 6 40 4.8 2 263 
Set 7 40 5.4 8 233 

Set 8 40 6 6 243 
Set 9 45 4.2 6 263 
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Set 10 45 4.8 8 253 

Set 11 45 5.4 2 243 
Set 12 45 6 4 233 
Set 13 50 4.2 8 243 

Set 14 50 4.8 6 233 
Set 15 50 5.4 4 263 
Set 16 50 6 2 253 

 

3.2 Influences of selected design parameters on wheel responses: 

The proper selection of tire size with correct weight-to-axle power ratio is critical in the 
design and efficient operation of wheeled vehicles. For a vehicle designed to operate at a 
specific speed range, the weight-to-axle power ratio must be within a certain range in order 
to maintain a specific level of conversion efficiency [24]. Usually, mass of tire is considered 
to be less in order to achieve better fuel average, provided the durability and structural 
integrity is not compromised. 

Figure 6 presents the main effects plots for Signal-to-Noise (S/N) ratios for the mass of 
the non-pneumatic tires (NPTs) at different levels of four design factors. It can be concluded 
that the spoke band thickness is the most influential factor on the mass of NPTs, followed by 
cell wall thickness, cell size, and cell round radius. 

 

Figure 6: S/N ratio plot for Mass: 

The airless tire becomes less responsive to the rider's input as the spoke band 
thickness increases, because of inappropriate increase in mass. As a result, traction 
and braking performance are reduced. From the given set of data, it was calculated 
that a tire with larger cell size (50mm), smaller cell wall thickness (4.2mm), smaller 
round radius (2mm) and smaller band thickness (233mm) is the one with minimum 
amount of mass. Percentage contributions are shown in Table 5. 

Table 5: ANOVA for S/N ratio of Mass 

Source DF Seq SS Adj SS Adj MS F P% 

Size 3 14.0394 14.0394 4.67980 537.75 26.73% 

Wall Thickness 3 14.5084 14.5084 4.83613 555.72 27.62% 
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Round Radius 3 0.4388 0.4388 0.14626 16.81 0.83% 

Band Thickness 3 23.5051 23.5051 7.83504 900.32 44.75% 

Residual Error 3 0.0261 0.0261 0.00870     

Total 15 52.5178         

 
Von-Mises stresses experienced by NPT is due to the load applied on it. If the von Mises 

stress in an airless tire exceeds the material's yield strength, the tire will start to permanently 
deform, which can lead to a reduction in its load-carrying capacity and its durability [25]. In 
extreme cases, the tire can fail and experience a complete structural collapse [26]. Significant 
variations also occur in critical situations, particularly oversteering in situations with rapid 
variations. A tire with larger stress values may yield or fracture with a desired amount of 
load. Main effect plots for Signal-to-noise ratio for Stress are shown in Figure 7: 

 

Figure 7: S/N ratio plot for Stress 

Following samples were being tested, it was found that round radius was the major 
contributor for tire’s mass. On the other hand, spoke band thickness is the least contributor 
in tire’s stress. From the given set of data, it was calculated that a tire with smaller cell size 
(35mm), smaller cell wall thickness (6mm), larger round radius (8mm) and moderate spoke 
band thickness (263mm is good in this case) is the one with minimum amount of von-mises 
stress. Analysis of Variance (ANOVA) for signal-to-noise ratio of stress is shown in Table 
6: 

Table 6: ANOVA for S/N ratio of Stress 

Source DF Seq SS Adj SS Adj MS F P% 

Size 3 16.8830 16.8830 5.6277 6.80 31.10% 

Wall Thickness 3 10.1778 10.1778 3.3926 4.10 18.75% 

Round Radius 3 23.8914 23.8914 7.9638 9.63 44.02% 

Band Thickness 3 0.8393 0.8393 0.2798 0.34 1.54% 

Residual Error 3 2.4815 2.4815 0.8272     

Total 15 54.2730         

 
Strain is a measure of the deformation of a material as it is subjected to load. In an airless 

tire, strain occurs as the tire is subjected to loads and deformation during use. Excessive strain 
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can lead to a reduction in the load-carrying capacity and durability of the airless tire. In airless 
tires, the strain distribution affects the overall performance of the tire, including ride comfort, 
durability, and road handling [27]. To optimize the performance of the airless tire, designers 
need to consider the strain distribution in the tire under different loading conditions and to 
develop a design that will minimize the strain while still ensuring adequate load-carrying 
capacity and durability. Main effect plots for Signal-to-noise ratio for Strain are shown in 
Figure 8: 

 

Figure 8: S/N ratio plot for Strain 

From the given set of data, it was calculated that a tire with smaller cell size (35mm), 
smaller cell wall thickness (4.2mm), smaller round radius (2mm) and smaller band thickness 
(253mm) is the one with minimum amount of strain The S/N ratio for band thickness is 
predicting that strain is comparatively higher for first and last value of thickness, which show 
that the actual value of strain energy is also highly influenced by other design parameters. 
Analysis of Variance (ANOVA) for signal-to-noise ratio of Strain is shown in Table 7: 

Table 7: ANOVA for S/N ratio of Strain 

Source DF Seq SS Adj SS Adj MS F P% 

Size 3 23.013 23.013 7.6710 10.82 45.16% 

Wall Thickness 3 8.157 8.157 2.7190 3.84 16.01% 

Round Radius 3 15.812 15.812 5.2707 7.44 31.03% 

Band Thickness 3 1.839 1.839 0.6130 0.86 3.60% 

Residual Error 3 2.127 2.127 0.7088     

Total 15 50.948         

 
Deformation is due to stress in tire due to applied loadings. A larger value of deformation 

means that stress is showing larger deflection for small loadings. Hence smaller the 
deformation behavior of tire is also heavily influenced by local structures and their spatial 
arrangements.[26, 28, 29]. Main effect plots for Signal-to-noise ratio for Deformation are 
shown in Figure 9: 
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Figure 9: S/N ratio plot for Deformation 

Following samples were being tested, it was found that cell size was the major contributor 
for tire’s deformation (Rank 1). On the other hand, round radius is the least contributor in 
tire’s stress (Rank 4). From the given set of data, it was calculated that a tire with cell size 
35mm, cell wall thickness 6mm, round radius 8mm and spoke band thickness 233mm is the 
one with minimum amount of deformation. Percentage contributions are shown in Figure 13. 
Analysis of Variance (ANOVA) for signal-to-noise ratio of Deformation is shown in Table 
8: 

Table 8: ANOVA for S/N ratio of Deformation 

Source DF Seq SS Adj SS Adj MS F P% 

Size 3 36.4207 36.4207 12.1402 53.00 48.74% 

Wall Thickness 3 25.9432 25.9432 8.6477 37.75 34.72% 

Round Radius 3 3.3740 3.3740 1.1247 4.91 4.51% 

Band Thickness 3 8.2882 8.2882 2.7627 12.06 11.09% 

Residual Error 3 0.6872 0.6872 0.2291     

Total 15 74.7133         

 
The amount of strain energy stored in an airless tire will depend on the tire's material 

properties, its design and construction, and the loads and deformation it experiences. For 
example, an airless tire made of a highly elastic material may be able to store more strain 
energy than a tire made of a less elastic material. Similarly, an airless tire with a thicker cross-
section or a more robust internal structure may be able to store more strain energy than a tire 
with a thinner cross-section or a weaker internal structure. 

A tire with a high capacity for storing strain energy may be able to withstand larger loads 
and deformation without failing, which can improve the tire's service life [30]. On the other 
hand, a tire with a low capacity for storing strain energy may be more prone to failure under 
heavy loads or severe deformation, which can limit its useful life. Main effect plots for 
Signal-to-noise ratio for Strain Energy are shown in Figure 10: 

11

MATEC Web of Conferences 398, 01016 (2024)
MTME-2024

https://doi.org/10.1051/matecconf/202439801016



 

Figure 10: S/N ratio plot for Strain Energy 

Following samples were being tested, it was found that round radius was the major 
contributor for tire’s deformation (Rank 1). On the other hand, cell size is considered to be 
the least contributor in tire’s strain energy (Rank 4). From the given set of data, it was 
calculated that a tire with cell size 35mm, cell wall thickness 2mm, round radius 2mm and 
spoke band thickness 263mm is the one with maximum amount of strain energy. Analysis of 
Variance (ANOVA) for signal-to-noise ratio of Strain Energy is shown in Table 9: 

Table 9: ANOVA for S/N ratio of Strain Energy 

Source DF Seq SS Adj SS Adj MS F P% 

Size 3 28.25 28.25 9.416 1.07 9.83% 

Wall Thickness 3 50.44 50.44 16.812 1.91 17.54% 

Round Radius 3 130.12 130.12 43.375 4.93 45.30% 

Band Thickness 3 51.98 51.98 17.325 1.97 18.09% 

Residual Error 3 26.40 26.40 8.801     

Total 15 287.19         

 

4 Conclusion 

The study of the effect of various design parameters on factors such as Von-Mises’s stress 
and deformation is necessary in order to design a durable tire. The results of this research 
demonstrate that by carefully considering the interplay between these factors, it is possible 
to design a tire that is able to withstand the rigors of daily use and maintain its performance 
over time. These factors are being influenced by parameters as: 

1. Spoke band thickness is the major contributor in NPT’s mass. 
2. Round radius is the major contributor in NPT’s stress as well as strain energy. 
3. Cell size is the major contributor in NPT’s strain as well as deformation. 

The study also highlighted that the selection of the right design parameters is crucial for 
the tire to perform well under different loading conditions, highlighting the importance of 
considering the durability of tires and the need for continued research to develop long-lasting 
tire designs that can meet the demands of modern transportation. 
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