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1. Introduction 

With increasing demands for safety, stability, and 

comfort in automobiles, more stringent requirements for tire 

safety and durability are being emphasized. In response to 

these demands, non-pneumatic tires (NPTs) are gaining fa-

vor owing to advantages such as puncture resistance and 

blowout prevention. In 2006, Michelin pioneered the con-

cept of the NPT [1] and introduced the Tweel NPT [2]. Re-

silient Technologies, in collaboration with the University of 

Wisconsin, developed a biomimetic honeycomb NPT by ap-

plying a hexagonal honeycomb structure to tire spokes [3]. 

In 2012, a re-search team led by Zhao Youqun at the Nan-

jing University of Aeronautics and Astronautics designed a 

mechanical elastic wheel (MEW) with a hinged structure 

[4]. In 2010, Kim et al. designed negative Poisson’s ratio 

notched hexagonal airless tire [5]. In 2019, Michelin and 

General Motors jointly introduced the UPTIS NPT, achiev-

ing a groundbreaking innovation in tire structures and com-

posite materials. It is anticipated that UPTIS will be widely 

applied in passenger vehicles by 2024 [6]. 

In recent years, research on the load-bearing per-

formance of NPTs has primarily focused on shear bands and 

spokes. In 2010, Gasmi et al. utilized curved beam theory to 

analyze ring-ground contact and derive control equations 

based on virtual work principles. Three stiffness parameters 

(EI, GA, and EA) were investigated to determine their in-

fluence on the contact pressure [7]. In 2012, they proposed 

an analytical model for compliant NPTs on frictionless rigid 

ground using a thin flexible ring connected to a rigid hub via 

spokes. The model, based on curved beam theory, analyzed 

deformations and could conduct a comprehensive parameter 

analysis for NPTs [8]. In 2018, Rugsaj et al. developed a 

hyperelastic material model for the finite element (FE) anal-

ysis of NPTs using Michelin’s Tweel. The model was based 

on tensile and compressive test samples, and the stress–

strain relationship was fitted to select an appropriate consti-

tutive model [9]. In 2019, they developed FE models 

(FEMs) with different spoke shapes for NPTs to assess the 

geometric influences on stiffness and local stresses. The 

analysis identified the optimal spoke structure for the load-

bearing capacity of NPTs [10]. Extensive research has indi-

cated that the mechanical performance of NPTs varies sig-

nificantly with different spoke forms. Researchers have uti-

lized experimental methods and FE simulations to study the 

load-bearing capacity and stiffness of NPTs with various 

spoke structures. In 2019, Rugsaj et al. developed a three-

dimensional FEM for Tweel NPTs, optimizing radial spokes 

for a vertical stiffness approximation through comparison 

with physical experiments [11]. In the same year, Żmuda et 

al. conducted a numerical study on the Tweel NPT model, 

simulating various values of normal force loads and docu-

menting the shape of the contact area of the NPT on rigid 

ground [12]. In 2020, Żmuda et al. studied the mechanical 

performance of Tweel NPTs and analyzed the impact of the 

thickness and material using seven geometric shapes in sim-

ulated tests to determine the radial stiffness and unit pres-

sure in the contact area [13]. In 2018, Jin et al. examined 

NPTs with different honeycomb spokes and discovered 

lower stress in spokes and treads compared with traditional 

tires, and a higher load-carrying capacity for NPTs [14]. In 

2019, Ganniari-Papageorgiou et al. designed a parameter-

ized FEM for honeycomb NPTs and found that the vertical 

stiffness was strongly influenced by the honeycomb unit 

density, thickness, and internal angle [15]. In 2018, Zhao et 

al. designed four MEWs with varying hinge structures and 

studied their static stiffness characteristics through numeri-

cal simulations and experiments. The nonlinear FEM was 

validated via tests on the load characteristics, and vertical, 

longitudinal, lateral, and torsional stiffness tests were con-

ducted on the MEWs and in-flatable tires, with a thorough 

comparison and analysis of the experimental and simulation 

data [16]. In 2013, Lee et al. studied the dynamic character-

istics of flexible expanding hexagonal mesh spokes for 

NPTs using an FEM to analyze the relationship between the 

angular velocity, displacement at the hub center, and ground 

reaction force during steady rolling [17]. In 2023, Liu et al. 

designed high-load-capacity NPTs (HC tires) and assessed 

their static stiffness through experiments and numerical sim-

ulations using a comprehensive tire stiffness tester. They 

validated the accuracy of a nonlinear FEM using vertical 

stiffness tests [18]. As evidenced, NPTs currently exhibit 
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various developmental forms, and FE analysis methods are 

crucial research tools for studying these NPTs. 

Currently, Michelin’s new-generation NPTs, the 

UPTIS, have significant innovation and development poten-

tial. In 2022, Liang et al. modeled an UPTIS prototype tire 

and studied its load characteristics and mechanical perfor-

mance under radial and combined forces through a three-

dimensional numerical analysis [19]. In 2021, Dhrang-

dhariya et al. compared the Tweel, honeycomb, and newly 

developed UPTIS and examined the influence of material 

nonlinearity on different spoke designs [20]. In 2023, they 

developed an FEM to assess UPTIS NPT spokes and opti-

mized their design to enhance the stiffness and damage re-

sistance performance [21]. Existing patent in-formation 

highlights the distinct feature of UPTIS: spokes composed 

of composite materials. Conventional studies often overlook 

the impact of applying composites on the mechanical per-

formance of NPTs, assuming homogeneous spoke materials 

[6]. 

A wealth of research indicates that the stiffness 

characteristics and load-bearing capacity of NPTs are 

closely related to their material composition and geometric 

parameters. Therefore, when studying the design parameters 

and mechanical properties of NPTs, selecting appropriate 

data analysis methods is crucial for optimizing NPT de-

signs. In 2015, Kim et al. optimized the geometric shape of 

honeycomb NPTs using an FEM and design of experiments. 

They determined the impact of design variables on the roll-

ing resistance, employed vertical deflection and contact 

pressure as constraints, and determined an optimal design 

through a response surface model [22]. In 2022, Liu et al. 

focused on spoke design for Fibonacci spiral NPTs (FS-

NPT) and analyzed three-dimensional stiffness through FE 

modeling and design of experiments. Using a response sur-

face model, they aimed to achieve lightweighting by mini-

mizing mass while maintaining vertical stiffness [23]. It is 

evident that response surface analysis and multi-objective 

optimization are crucial methods for guiding the design of 

NPTs. 

Although extensive research has been conducted 

on the load-bearing capacity and stiffness characteristics of 

NPTs with different structural forms and material proper-

ties, most of these studies have focused on NPTs composed 

of a single homogeneous material, without considering the 

application of composite materials in NPTs. There-fore, this 

study considered the UPTIS structure as an example. Ten-

sile experiments were conducted on its elastomeric material 

(Section 2), utilizing the neo-Hookean model to construct a 

hyperelastic constitutive model of the elastomeric material 

based on experimental data, and an FEM was established for 

the UPTIS structure composed of composite materials. The 

boundary conditions for the loading were set according to 

the operating conditions of the NPT (Section 3). By con-

ducting multiple simulation experiments on the NPT with 

different design parameters, fitting a mathematical model of 

the three-axis stiffness of the NPT based on the experi-

mental results, per-forming a sensitivity analysis, inferring 

the load-carrying mechanism of the NPT, and determining 

the design parameters that have a significant impact on the 

three-axis stiffness of the NPT, the three-axis stiffness of the 

NPT could be predicted using mathematical methods. Sub-

sequently, based on the desired stiffness requirements, the 

design parameters of the NPT were optimized through 

mathematical prediction to obtain an NPT design that satis-

fied the usage requirements. 

2. Material Property Testing 

In the existing literature and patents, Michelin 

UPTIS tires have been documented to employ distinct rub-

ber formulations tailored to various structural components 

based on the performance requirements. Additionally, the 

corresponding skeletal structures were incorporated into the 

spokes and shear bands. To precisely depict the mechanical 

characteristics of rubber materials, this study opted for com-

monly used rubber materials in spokes and performed uni-

axial tensile tests to reverse evaluate the hyperelastic consti-

tutive model parameters. The rubber specimens were de-

rived from vulcanized plate sheets with a thickness of 2 mm, 

as shown in Fig. 1. The specimens had a gauge length of 

25 mm and width of 6 mm. 

 

a b 

 

c 

Fig. 1 Rubber tensile test: a – flat specimen, b – dumbbell-

shaped tensile specimen, c – engineering stress-strain 

curve 

The stress–strain curve acquired from the tensile 

test confirmed the hyperelastic mechanical behavior of the 

rubber, as illustrated in Fig. 1. The material demon-strated 

elastic behavior across various segments of the curve, pre-

serving elasticity even at higher strain values and autono-

mously recovering to its initial state after un-loading. The 

hyperelastic constitutive model applied to the rubber mate-

rial of the UPTIS NPT in this study used the stress–strain 

curve obtained through experimentation as the input data.  

3. Finite Element Simulation Model 

3.1. Hyperelastic material constitutive model 

The spokes and shear band of NPT examined in 

this study were all composed of rubber. A hyperelastic con-

stitutive model was employed in the FEM to simulate these 

components. The stress–strain relationship of a hyperelastic 

constitutive model is typically expressed through the strain 
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energy density function, denoted as U. The strain energy 

density function can take various forms, the most commonly 

used being a polynomial form based on the theory of con-

tinuum mechanics [24]. In continuum mechanics, the defor-

mation gradient is expressed as follows: 
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where x represents spatial coordinates, X represents material 
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The deformation gradient can be decomposed at 

this point. The two components jointly constitute the de-

composed deformation gradient, namely, the isochoric and 

volumetric parts.  

Similarly, the strain energy of the isotropic hyper-

elastic material can be decom-posed into the following two 

parts: 
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here, J represents the elastic volume ratio, I describes the 

material distortion, C and D are the material characteristic 

parameters, and N is the order of the chosen constitutive 

model. C and D describe the shear characteristics and com-

pressibility of the material, respectively. If expressing in-

compressibility is desired, the D value can be set to zero. 

For this constitutive model expression, regardless of the 

chosen model order N, the initial shear modulus and initial 

volume modulus values depend solely on the first-order co-

efficients of the polynomial: 

 ( )0 10 01 0 12 2C C ,k / D = + = . (5) 

Assuming all Cij  0(j  0), a simplified polyno-

mial model can be obtained: 
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For the simplified polynomial, if N=1, the neo-

Hookean (N-H) model is obtained [25] 
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The neo-Hookean model can accurately simulate small de-

formations of elastic materials, and various parts of the NPT 

are subjected to small deformations during loading [26]. 

Moreover, the neo-Hookean model has only one parameter, 

C10, and to ensure calculation accuracy, it is convenient for 

subsequent experimental design and simulation model cal-

culations using the response surface method. Therefore, this 

study adopted the neo-Hookean hyperelastic constitutive 

model. To further validate the influence of the strain range 

of the experimental curve on the neo-Hookean model, four 

strain ranges (25%, 50%, 75%, and 100%) were selected for 

evaluation. The fitted curves were compared with the exper-

imental results, as shown in Fig. 2, and the corresponding 

C10 values were 1.003, 0.841, 0.781, and 0.788, respec-

tively. When the strain was 25%, the consistency between 

the constitutive calculation stress–strain curve and the ex-

perimental curve was better, particularly below a strain of 

20%, making it more suitable for simulating NPTs. 

 

Fig. 2 Comparison of neo-Hookean constitutive fitted 

curves and experimental results at strains of 25%, 

50%, 75%, and 100% 

3.2. UPTIS NPT simulation model 

3.2.1. Geometric parameters 

The NPT model comprised five components: a rim, 

spoke, reinforcement plate, shear band, and inner/outer 

belts. The reinforcement plate is shaped like a “V” and is 

embedded inside the spokes. The ends of the spokes are con-

nected to the inner circle of the shear band and the outer cir-

cle of the rim, respectively. The inner and outer belts were 

embedded in the shear band, forming a shear band. The ge-

ometric model in this study was established based on the 

spoke form by Michelin UPTIS [27]. 

The UPTIS NPT is intended to replace the 

215/50R17 inflatable tire, with a maximum static load ca-

pacity of 690 kg. Fig. 3 shows an overview of the estab-

lished geometric model and spoke structure. Table 1 lists the 

key geometric parameters and their corresponding values. 

3.2.2. Model and operating condition establishment 

A three-dimensional simulation model for the NPT 

was established using the commercial FE analysis software 

Abaqus, and its vertical loading model is shown in Fig. 4.  

The elastic materials for the spokes and shear band 

in  the  model  were  defined  as  neo-Hookean constitutive  
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a b 

 

c d 

Fig. 3 UPTIS NPT: a – physical view, b – exploded view, c – cross-sectional view, d – spoke size 

 

Fig. 4 Finite element simulation model for the vertical loading experiment on an NPT 

Table 1 
Key design parameters of the UPTIS NPT 

Parameter 
Outer 

Diameter, mm 

Shear Band 

Width, mm 

Rim Outer Diameter, 

 mm 

Rim Width,  

mm 

Shear Band 

Thickness, mm 

Inner Belt 

Diameter, 

 mm 

Outer Belt 

Diameter, mm 

Value 646.8 215 431.8 165.1 14 601.5 626.5 

Table 2  
Meshing parameters for each component of the npt finite element model 

Components Mesh type Material parameters Number of elements 

Reinforcement plate S4R E=55 GPa 22800 

Shear Band C3D8H C10=4.0 13728 

Inner Belt SFM3D4R E=80 GPa 1450 

Outer Belt SFM3D4R E=80 GPa 1510 

Spoke C3D8H/C3D6H C10=1.0 66000 
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models with slightly different C10 parameters for each com-

ponent. The C10 values were inversely determined based on 

the experimental data, for the spokes and shear band, respec-

tively. A hybrid hexahedral/tetrahedral solid element 

(C3D8H/C3D6H) was selected, and the steel wire reinforce-

ment belt in the shear band was modeled using a linear elas-

tic model with a modulus of 80 GPa and a Poisson’s ratio of 

0.3; this was defined as a rebar layer element with the ele-

ment type SFM4D4R. A carbon-fiber composite material 

plate was adopted for the reinforcing skeleton inside the 

spoke. The selected composite material had fibers uniformly 

distributed at an angle, approaching isotropy in mechanical 

properties. The ultimate strength of the material was 

700 MPa [28]. A linear elastic constitutive model with an 

elastic modulus of 55 GPa and a Poisson’s ratio of 0.3 was 

chosen. It was modeled as a shell element (S4R), and its 

thickness was 0.5 mm. The meshing details for each part of 

the NPT are listed in Table 2. 

To simulate the road surface, a rigid analysis plane 

was established, and the NPT FEM was connected with the 

rigid analysis plane to set up the FEM for vertical stiff-ness 

testing. A friction coefficient of 0.3 was assumed, and a pen-

alty function was used to calculate the friction force between 

the shear band and the rigid plane. The contact type between 

the shear band and the outer ring of the spoke was defined 

as “Tie”, The contact type between each steel layer and the 

shear band and between the reinforcement plate and the 

spoke was defined as the “Embedded region”. The rim was 

considered a “Rigid body”. In the analysis, the ground was 

fixed and a downward displacement of 30 mm was applied 

at the hub center. The resulting reaction force between the 

NPT and ground was recorded. To calculate the lateral and 

longitudinal stiffnesses of the NPT, two analysis steps were 

defined. In the first step, a specific vertical load was applied 

to the hub center. In the second step, ground displacement 

of 200 mm was applied along the lateral and longitudinal 

directions, and the resulting reaction forces and relative dis-

placements between the NPT and the ground were recorded. 

Because the NPT spokes were arranged asymmetrically, 

both the forward and reverse directions were considered in 

the simulation of longitudinal stiffness. The simulation re-

sults for each operating condition are presented in Fig. 5. 

4. Results and Discussion 

4.1. Simulation of vertical stiffness and load-bearing per-

formance 

4.1.1. Simulation results 

The load–deflection curve obtained from the NPT 

simulation model under vertical loading is shown in Fig. 6. 

At a maximum deflection of 30 mm, the corresponding 

force was 7021 N, meeting the rated load requirements. Lin-

ear fitting of the data points yielded the functional expres-

sion depicted in the Fig. 6. The vertical force and deflection 

of the NPT exhibited a clear linear relationship, and the ver-

tical stiffness was approximated as a constant of approxi-

mately 234 N/mm. 

4.1.2. Analysis of load-bearing principles 

During the NPT bearing process, the entire spoke 

was divided into three zones based on the deformation pat-

tern of a single spoke. The first was the bending-compres-

sion hybrid deformation zone, which occurred near the 

ground contact position. The reinforcement plate in the 

spoke was bent and the rubber block was compressed. The 

second zone was the free zone, where there was no signifi-

cant de-formation of the reinforcement plate or rubber block 

within the spoke. The third was the bending-tension hybrid 

deformation zone, which occurred in the upper part of the 

NPT. In this area, the reinforcement plate in the spoke bent, 

and the deformation direction was opposite to that of the 

bottom, causing the rubber block to undergo tension. The 

spokes undergoing bending-tension hybrid deformation 

were primarily located in the upper part of the NPT. The 

tension force exerted on the rim by these spokes was trans-

mitted from the shear bands to the ground. Therefore, the 

shear bands must possess a certain stiffness to ensure that 

the top spokes of the NPT have a load-bearing capacity. The 

load was concentrated in the reinforcement plate section of 

the overall structure of the NPT. The maximum stress in this 

section was 490.5 MPa, which was below the ultimate 

strength of the material. The safety factor was 1.4, which 

was significantly higher than those of the other rubber ma-

terial sections. The stress and de-formation nephogram of 

the rubber section of the NPT structure as shown in Fig. 7. 

4.2. Lateral and longitudinal stiffness simulation analysis 

4.2.1. Lateral stiffness 

The lateral stiffness of the NPT is a crucial indica-

tor related to the steering characteristics of the vehicle and 

 

a b c 

Fig. 5 Schematic diagram of the stiffness measurement 

method: a – lateral stiffness, b – longitudinal stiffness 

(forward), c – longitudinal stiffness (backward) 

 

Fig. 6 Relationship curve between vertical load capacity 

and deflection 
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Fig. 7 The deformation mode of NPT under vertical load; stress (S) and strain (LE) nephograms of the main structure 

is a primary parameter considered in structural design. The 

varying deformation of the spokes under different vertical 

loads has a certain im-pact on the lateral stiffness. There-

fore, this study evaluated the lateral loading model of the 

NPT under vertical loads of 4000 N, 5000 N, 6000 N, and 

7000 N and plotted the comparison curve of the lateral force 

against the lateral displacement (Lateral-D) as shown in 

Fig. 8. The maximum lateral force after a slip in the curve 

and the ratio of the relative displacement to the center of the 

tire footprint were extracted as the lateral stiffness; the cal-

culated values are presented in Table 3. A comprehensive 

analysis revealed that with an increase in the vertical load, 

the lateral stiffness increased slightly, but the maximum 

growth rate was only 14.5%, which was considerably 

smaller than the rate of change in the vertical load (75%). 

Therefore, in this study, the change in lateral stiffness was 

considered to be minimally influenced by the vertical load 

and could be neglected.  

4.2.2. Longitudinal stiffness 

The magnitude of the longitudinal stiffness of the 

NPT affects the driving and braking characteristics of the 

vehicle. Considering that the circumferential spoke struc-

ture of the UPTIS NPT is not axially symmetrical, it is nec-

essary to discuss the longitudinal stiffness in the forward 

and backward directions separately. In this study, the 

ground displacement relative to the NPT in the direction of 

longitudinal displacement, which is consistent with the di-

rection of the tip of the spokes at the bottom of the NPT, was 

defined as forward, and the opposite direction was consid-

ered as backward. The different deformation levels of 

spokes under different vertical loads have a certain impact 

on the longitudinal stiffness. Therefore, this study calculated 

the forward and backward loading models of the NPT under 

vertical  

 

Fig. 8 Relationship between lateral force and displacement 

under different vertical loads 

Table 3  
Lateral stiffness calculation results under different vertical loads 

No. Vertical force, N 
Theoretical lateral 

force, N 
Lateral force, N 

Lateral-D,  

mm 

Lateral 

stiffness, N/mm 

1 4000 1200 1211.97 1.14 1067.22 

2 5000 1500 1527.62 1.38 1111.14 

3 6000 1800 1834.04 1.57 1171.23 

4 7000 2100 2139.78 1.75 1221.65 
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Table 4 
Longitudinal stiffness calculation results under different vertical loads 

No. 
Vertical  

force, N 

Theoretical 

 L-F, N 

L-F 

(Forward),  

N 

L-D 

(Forward), 

mm 

L-S 

(Forward), 

N/mm 

L-F 

(Backward),  

N 

L-D 

(Backward), 

mm 

L-S 

(Backward), 

N/mm 

1 4000 1200 1196.98 12.19 98.18 1198.69 11.14 107.60 

2 5000 1500 1506.64 14.60 103.21 1504.46 13.20 114.00 

3 6000 1800 1795.30 16.61 108.08 1796.35 14.94 120.24 

4 7000 2100 2103.61 18.42 114.22 2108.02 16.54 127.47 

 

loads of 4000 N, 5000 N, 6000 N, and 7000 N and plotted 

the comparison curve of the longitudinal force (L-F) against 

the longitudinal displacement (L-D) as shown in Fig. 9. The 

maximum force after a slip in the curve and the ratio of the 

relative displacement to the center of the tire footprint were 

extracted as the longitudinal stiffness (L-S); the calculated 

values are given in Table 4. A comprehensive analysis re-

vealed that with an increase in vertical load, the forward and 

backward longitudinal stiffnesses both slightly increased, 

but the maximum growth rates were only 16.3% and 18.5%, 

respectively, which were considerably smaller than the rate 

of change in the vertical load (75%). Therefore, in this 

study, it was considered that the change in longitudinal stiff-

ness in the forward and backward directions was minimally 

influenced by the vertical load and could be neglected. 

4.3. Response surface analysis 

4.3.1. Experimental design 

To analyze the impact of different design parame-

ters on the tri-directional stiff-ness of the NPT, this study 

considered the internal reinforcement plate thickness (RP-

T) of the spokes and the material constitutive parameter C10 

for both the spokes and shear bands as influencing factors, 

that is, independent variables. The vertical, lateral, and lon-

gitudinal stiffness values of the tire were selected as depend-

ent variables for the experimental design and response sur-

face analysis, and the range of reinforcement plate thickness 

 

Fig. 9 Relationship between longitudinal force and dis-

placement under different vertical loads 

was defined as 0.4-0.6 mm. This was mainly because the 

total thickness of the bent part of the spoke was 2 mm. While 

ensuring the vulcanization of the external rubber, when the 

reinforcement plate thickness exceeded 0.6 mm, the maxi-

mum stress on the reinforcement plate under the rated load 

exceeded the material strength limit (550 MPa). Therefore, 

0.6 mm was set as the maximum design value. Simultane-

ously, through simulation calculations, when the reinforce-

ment plate thickness was less than 0.4 mm, the NPT under-

went excessive deformation under the rated load and failed 

to meet the load-bearing requirements. Hence, 0.4 mm was 

set as the minimum design value. Shear-band rubber mate-

rial is typically hard rubber to ensure sufficient support force 

during shear deformation. The neo-Hookean constitutive 

parameter C10 has a range of 3.0–5.0, corresponding to a 

rubber hardness of 55–79 Shore A. The spoke rubber mate-

rial in NPTs primarily connects to and encapsulate the com-

posite-material reinforcement plate, and ordinary wear-re-

sistant rubber is used. The neo-Hookean constitutive param-

eter C10 has a range of 0.5–1.5, corresponding to a rubber 

hardness of 88–92 Shore A [29]. For these three independ-

ent variables, Latin hypercube sampling [30] was conducted 

within their respective ranges, resulting in 27 experimental 

models. The de-sign of experiments matrix was constructed 

as presented in Table 5. 

Based on the analysis results shown in Section 4.2, 

this study selected the vertical stiffness measured at a verti-

cal displacement of 25 mm and the lateral and longitudinal 

stiffnesses at a vertical load of 4000 N for further analysis 

and calculation. 

4.3.2. Establishment of the response surface for NPT tri-di-

rectional stiffness 

1. Vertical stiffness 

Table 6 lists the vertical stiffness values calculated 

for the 27 simulation models, and a response surface model 

for vertical stiffness was fitted using Isight software. Fig. 10 

illustrates the relationship between vertical stiffness and the 

variation in any two independent variables. Vertical stiff-

ness increased with an increase in all three independent var-

iables. The polynomial mathematical model of the response 

surface is given by Eq. (8), and its coefficients are provided 

in Table 7. The fitting accuracy was R²=0.9994. 

2. Lateral stiffness 

Table 8 lists the lateral stiffness values calculated for the 27 

simulation models, and a response surface model for lateral 

stiffness was fitted using Isight software. Fig. 11 illustrates 

the relationship between lateral stiffness and the variation in 

any two independent variables. Lateral stiffness increased 

with an increase in all three independent variables. The pol-

ynomial mathematical model of the response surface is 

given by Eq. (8), and its coefficients are provided in Table 9. 
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The fitting accuracy was R²=0.9906. 

3. Longitudinal stiffness 

Tables 10 and 11 list the longitudinal stiffness val-

ues calculated for the 27 simulation models. The Isight soft-

ware was used to fit the response surface models for longi-

tudinal stiffness in the forward and backward directions. 

Figs. 12 and 13 depict the relationship between the longitu-

dinal stiffness in the forward and backward directions and 

the variation in any two independent variables, respectively. 

The longitudinal stiffness increased with an increase in all 

three independent variables. The polynomial mathematical 

model of the response surface for the longitudinal stiffness 

is given by Eq. (8), and its coefficients are listed in Table 12. 

The fitting accuracies in the forward and backward direc-

tions were R²=0.9983 and 0.9979, respectively. 
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+ + + + + + + + . (8) 

     

a b c 

Fig. 10 Response surface contour maps for vertical stiffness: a – response surface plot of vertical stiffness with respect to 

spoke C10 and shear band C10, b – response surface plot of vertical stiffness with respect to spoke C10 and reinforce-

ment plate thickness, c – response surface plot of vertical stiffness with respect to reinforcement plate thickness and 

shear band C10 

     

a b c 

Fig. 11 Response surface contour maps for lateral stiffness: a – response surface plot of lateral stiffness with respect to spoke 

C10 and shear band C10, b – response surface plot of lateral stiffness with respect to spoke C10 and reinforcement 

plate thickness, c – response surface plot of lateral stiffness with respect to reinforcement plate thickness and shear 

band C10 

   

a b c 

Fig. 12 Response surface contour maps for longitudinal stiffness (forward): a - response surface plot of longitudinal stiffness 

(forward) with respect to spoke C10 and shear band C10, b - response surface plot of longitudinal stiffness (forward) 

with respect to spoke C10 and reinforcement plate thickness, c - response surface plot of longitudinal stiffness (for-

ward) with respect to reinforcement plate thickness and shear band C10 
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a b c 

Fig. 13 Response surface contour maps for longitudinal stiffness (backward): a – response surface plot of longitudinal stiff-

ness (backward) with respect to spoke C10 and shear band C10, b – response surface plot of longitudinal stiffness 

(backward) with respect to spoke C10 and reinforcement plate thickness, c – response surface plot of longitudinal 

stiffness (backward) with respect to reinforcement plate thickness and shear band C10 

Table 5 

Experimental matrix of the finite element model 

No. 
Spoke 

C10 

Shear 

band 

C10 

RP-T, 

mm 
No. 

Spoke 

C10 

Shear 

band 

C10 

RP-T, 

mm 
No. 

Spoke 

C10 

Shear 

band 

C10 

RP-T, 

mm 

1 0.50 3.15 0.46 10 0.85 4.69 0.52 19 1.19 5.00 0.42 

2 0.54 4.23 0.45 11 0.88 4.31 0.43 20 1.23 3.85 0.45 

3 0.58 4.08 0.59 12 0.92 4.54 0.55 21 1.27 4.00 0.58 

4 0.62 3.38 0.48 13 0.96 3.08 0.55 22 1.31 3.00 0.49 

5 0.65 4.15 0.54 14 1.00 3.92 0.41 23 1.35 4.85 0.44 

6 0.69 3.46 0.58 15 1.04 3.54 0.48 24 1.38 4.38 0.42 

7 0.73 3.31 0.53 16 1.08 4.62 0.52 25 1.42 4.46 0.50 

8 0.77 3.23 0.57 17 1.12 3.69 0.56 26 1.46 4.77 0.40 

9 0.81 4.92 0.60 18 1.15 3.62 0.47 27 1.50 3.77 0.51 

Table 6 
Simulation results for vertical stiffness 

No. 
Vertical force, 

N 

Vertical  

stiffness, 

N/mm 

No. 
Vertical  

force, N 

Vertical  

stiffness, 

N/mm 

No. 
Vertical force, 

N 

Vertical  

stiffness, 

N/mm 

1 4350.64 174.03 10 6402.22 256.09 19 5260.11 210.40 

2 4698.02 187.92 11 4881.32 195.25 20 5247.17 209.89 

3 6687.77 267.51 12 6792.83 271.71 21 7351.17 294.05 

4 4908.10 196.32 13 6074.90 243.00 22 5384.28 215.37 

5 6102.87 244.11 14 4476.81 179.07 23 5540.70 221.63 

6 6433.06 257.32 15 5294.04 211.76 24 5008.94 200.36 

7 5638.67 225.55 16 6482.36 259.29 25 6415.80 256.63 

8 6179.04 247.16 17 6757.72 270.31 26 4965.10 198.60 

9 7715.42 308.62 18 5303.58 212.14 27 6217.44 248.70 

Table 7 
Coefficients for the vertical stiffness fitting equation 

C0 C1 C2 C3 C4 C5 C6 C7 

-4006.65 127.88 1596.55 20718.44 -226.88 -603.48 -65241.09 1.36 

C8 C9 C10 C11 C12 C13 C14 C15 

142.65 54.98 139.89 99.95 91066.20 -33.23 -6.15 -47041.14 
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Table 8 
Simulation results for lateral stiffness 

No. 
Lateral 

force, N 

Lateral-D, 

mm 

Lateral 

stiffness, 

N/mm 

No. 
Lateral 

force, N 

Lateral- D, 

mm 

Lateral 

stiffness, 

N/mm 

No. 
Lateral 

force, N 

Lateral-D, 

mm 

Lateral 

stiffness, 

N/mm 

1 1221.51 1.28 953.10 10 1219.76 1.18 1036.95 19 1221.11 1.23 990.66 

2 1221.15 1.25 980.82 11 1221.06 1.24 980.81 20 1220.33 1.21 1004.50 

3 1219.04 1.16 1047.82 12 1219.36 1.17 1045.77 21 1218.76 1.14 1064.45 

4 1221.13 1.23 991.11 13 1220.17 1.18 1037.10 22 1220.60 1.21 1011.90 

5 1219.72 1.18 1037.64 14 1221.04 1.29 945.53 23 1220.79 1.21 1005.99 

6 1218.93 1.16 1046.34 15 1220.44 1.21 1008.84 24 1220.97 1.25 980.27 

7 1220.28 1.19 1023.84 16 1219.74 1.17 1040.44 25 1219.80 1.17 1043.21 

8 1219.72 1.17 1039.86 17 1218.98 1.15 1057.34 26 1221.23 1.26 969.75 

9 1219.28 1.16 1050.85 18 1220.32 1.21 1008.92 27 1219.50 1.16 1047.46 

Table 9 
Coefficients for the lateral stiffness fitting equation 

C0 C1 C2 C3 C4 C5 C6 C7 

-4180.60 373.72 983.95 22755.86 -359.70 -277.22 -51086.73 -15.85 

C8 C9 C10 C11 C12 C13 C14 C15 

-4180.60 373.72 983.95 22755.86 -359.70 -277.22 -51086.73 -15.85 

Table 10 
Longitudinal stiffness (forward) simulation results 

No. L-F, N L-D, mm L-S, N/mm No. L-F, N L-D, mm L-S, N/mm No. L-F, N L-D, mm L-S, N/mm 

1 1203.93 15.39 78.24 10 1199.75 11.15 107.61 19 1197.52 16.36 73.18 

2 1196.72 16.31 73.37 11 1196.82 16.31 73.38 20 1196.46 14.19 84.31 

3 1202.61 8.94 134.55 12 1200.53 10.00 120.03 21 1202.86 8.44 142.58 

4 1201.28 13.58 88.43 13 1198.10 9.55 125.46 22 1202.50 11.90 101.04 

5 1199.62 10.82 110.91 14 1199.79 17.57 68.28 23 1197.04 15.12 79.17 

6 1203.48 8.90 135.23 15 1198.79 13.10 91.48 24 1197.35 16.51 72.54 

7 1201.02 10.93 109.89 16 1199.56 11.16 107.53 25 1198.81 11.50 104.25 

8 1199.32 9.28 129.29 17 1202.54 9.11 131.94 26 1199.46 17.51 68.49 

9 1200.76 8.25 145.61 18 1198.02 13.37 89.57 27 1198.23 11.00 108.93 

Table 11 
Longitudinal stiffness (backward) simulation results 

No. L-F, N L-D, mm L-S, N/mm No. L-F, N L-D, mm L-S, N/mm No. L-F, N L-D, mm L-S, N/mm 

1 1204.88 14.00 86.08 10 1199.88 10.27 116.80 19 1198.23 14.33 83.63 

2 1195.34 14.66 81.56 11 1195.30 14.41 82.98 20 1196.58 12.59 95.02 

3 1202.67 8.54 140.87 12 1200.73 9.29 129.26 21 1203.31 7.89 152.58 

4 1202.38 12.41 96.86 13 1198.33 8.91 134.52 22 1201.46 10.75 111.72 

5 1200.10 10.10 118.86 14 1198.18 15.36 78.01 23 1198.05 13.30 90.10 

6 1203.56 8.45 142.40 15 1199.42 11.80 101.68 24 1195.28 14.37 83.18 

7 1200.87 10.15 118.27 16 1199.85 10.20 117.63 25 1199.46 10.40 115.36 

8 1199.56 8.74 137.20 17 1203.21 8.50 141.58 26 1196.01 15.14 78.98 

9 1200.71 7.82 153.51 18 1198.39 11.97 100.11 27 1200.13 9.98 120.25 

 

4.3.3. Parameter analysis results 

Within the range of the independent variables, the 

stiffness in all directions of the NPT increased with an in-

crease in the spoke rubber material C10, shear band rubber 

material C10, and reinforcement plate thickness. Among the 

set range of independent variables, the maximum value of 

the vertical stiffness was 308.61 N/mm, and the minimum 

was 143.95 N/mm. The maximum lateral stiffness value was 

1064.44 N/mm, and the minimum was 876.23 N/mm. The 

maximum longitudinal stiffness (forward) was 

145.61 N/mm, and the minimum was 62.31 N/mm. The 

maximum value of the longitudinal stiffness (backward) 

was 153.51 N/mm, and the minimum was 70.04 N/mm. The 

lateral stiffness of the NPT was significantly greater than the 

stiffness in other directions. 

By employing response surface models tailored for 
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vertical, lateral, and longitudinal stiffnesses, we can com-

pute partial derivatives with respect to their respective inde-

pendent variables. The magnitude of the partial derivative at 

a specific point within the domain indicated the extent to 

which the independent variable influenced the dependent 

variable at that point. A higher absolute value indicated a 

greater impact. 

Utilizing the response surface models tailored for 

vertical, lateral, and longitudinal stiffnesses allowed the cal-

culation of partial derivatives with respect to their respective 

independent variables. The absolute value of the partial de-

rivative at a specific point within the domain indicated the 

degree to which the independent variable influenced the de-

pendent variable at that point; a larger absolute value indi-

cated a more significant influence. The average of the abso-

lute values of the partial derivatives within the domain pro-

vided the average gradients for the independent variable 

within its designated range. 

Given the disparate ranges of the independent var-

iables, the direct use of the average gradients within the do-

main may not provide a meaningful comparison of their im-

pacts. Considering the nearly monotonic changes observed 

in the response surface models for the vertical, lateral, and 

longitudinal stiffnesses with variations in their respective in-

dependent variables, an approximate assessment of the in-

fluence can be made by multiplying the average rate of 

change by the size of the variable’s range. The specific val-

ues are listed in Table 13. 

By comparing the average rate of change of the in-

dependent variables and the composite impact values, the 

variation in the reinforcement plate thickness was found to 

have a more significant impact on the three-dimensional 

stiffness of the NPT than the other two variables. The thick-

ness of the reinforcement plate was the most critical influ-

encing parameter. Furthermore, the spoke material constitu-

tive parameter C10 and shear band material constitutive pa-

rameter C10 had a fairly equal influence on both the vertical 

and lateral stiffnesses. The longitudinal stiffness was 

slightly more affected by the spoke material constitutive pa-

rameter C10 than by the shear band material constitutive pa-

rameter C10. This conclusion aligns with the observation that 

the stress is primarily concentrated on the reinforcement 

plate in the FEM, highlighting the reinforcement plate as the 

main load-bearing component in the structure. 

Table 12 
Coefficients for the longitudinal stiffness fitting equation 

 C0 C1 C2 C3 C4 C5 C6 C7 

Forward -1682.93 80.77 1019.98 6623.47 -158.59 -387.22 -22850.75 -1.38 

Backward -2022.68 90.02 1100.38 8703.13 -168.82 -416.82 -29000.24 -1.50 

 C8 C9 C10 C11 C12 C13 C14 C15 

Forward 84.57 5.03 107.84 64.43 34333.09 -27.29 -3.97 -18385.20 

Backward 94.68 6.95 112.13 69.16 42374.57 -28.00 -4.25 -22357.32 

Table 13 
Sensitivity analysis 

  RP-T, mm Spoke C 10 Shear band C10 

Domain  0.2 1 2 

Vertical Stiffness 
Average Gradients 578.63 40.04 22.00 

Impact Value, N/mm 115.72 40.04 44.00 

Lateral Stiffness 
Average Gradients 650.56 36.03 21.62 

Impact Value, N/mm 130.11 36.03 43.25 

Longitudinal Stiffness (Forward) 
Average Gradients 401.07 14.33 3.15 

Impact Value, N/mm 80.21 14.33 6.31 

Longitudinal Stiffness (Backward) 
Average Gradients 395.52 18.26 3.40 

Impact Value, N/mm 79.10 18.26 6.80 

Table 14 
Comparison of optimization results 

Property Spoke C10 Shear band C10 RP-T, mm 
Vertical 

stiffness, N/mm 

Lateral 

stiffness, N/mm 

L-S 

(Forward), 

N/mm 

L-S 

(Backward), 

N/mm 

Standard 1.0 4.0 0.5 234 1067.22 98.18 107.06 

Optimized from 

RSM 
0.54 3.0 0.6 239.51 1033.5 137.08 142.51 

Optimized from 

FEM 
0.54 3.0 0.6 239.80 1043.47 134.22 138.40 

Relative 

Error 
   0.12% 0.95% 2.13% 2.96% 
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4.3.4. Multiple objectives of optimization based on the re-

sponse surface model 

The vertical stiffness of an NPT is directly corre-

lated with its load-carrying capacity, and its significance is 

prioritized in the design process to ensure an ample load-

carrying capacity. When designing the lateral and longitudi-

nal stiffnesses, the objective is typically to achieve greater 

values for effective steering response and braking perfor-

mance. According to the response surface model and sensi-

tivity analysis mentioned above, the maximum rate of 

change in the lateral stiffness within the range of independ-

ent variables was only 21.5%. This was mainly influenced 

by the thickness of the composite material reinforcement 

plate. Given the substantially larger value of the lateral stiff-

ness compared to the vertical and longitudinal stiffnesses, it 

was not considered an optimization target in this multi-ob-

jective optimization. The primary focus was on attaining a 

higher longitudinal stiffness while maintaining the vertical 

stiffness. 

Using the Isight software, multi-objective optimi-

zation was performed on the response surface model to en-

sure the load-bearing capacity. The vertical stiffness was 

constrained within the range 230–240 N/mm. The optimiza-

tion was primarily aimed at maximizing the longitudinal 

stiffness in both the forward and backward directions. The 

stiffness values for each direction under the optimized and 

standard variable parameters are presented in Table 14. 

By comparing the optimized results with the stand-

ard values, the optimized vertical stiffness was found to in-

crease by 2.3% and remained relatively stable. The lateral 

stiffness decreased by 3.1% while remaining at the same 

level. The longitudinal stiff-ness in the forward direction in-

creased by 39.1% and the backward longitudinal stiff-ness 

increased by 32.9%. After optimization, while maintaining 

the vertical and lateral stiffnesses, there was a significant 

improvement in the longitudinal stiffness. This optimization 

achieved a substantial enhancement in the braking respon-

siveness while ensuring the load capacity and high steering 

performance of the NPT. 

5. Conclusions 

To predict the triaxial stiffness of NPTs, FE simu-

lation calculations were con-ducted on the UPTIS NPT 

structure under vertical, lateral, and longitudinal loadings 

using three design variables: 1. the shear band material con-

stitutive parameter C10, 2. spoke material constitutive pa-

rameter C10, and 3. reinforcement plate thickness. The sim-

ulation results provided different stiffness values for the 

NPT in the vertical, lateral, and longitudinal directions for 

various parameter combinations. Mathematical fitting was 

applied to the experimental data, and a response surface 

model for the triaxial stiffness of the UPTIS NPT structure 

was constructed. The main findings of this study are as fol-

lows. 

1. A simulation model was established for the NPT 

with a UPTIS composite spoke structure, and the vertical 

load-carrying principles were analyzed. The load is concen-

trated on the reinforcement plate, where the maximum stress 

reaches 490.5 MPa; 

2. The response surface method was used to ana-

lyze the impact of the structural and material parameters on 

the vertical, lateral, and longitudinal stiffnesses of the NPT. 

The results indicated that reinforcement plate thickness was 

the most significant influencing factor, with the comprehen-

sive influence values for the vertical, lateral, forward, and 

rearward directions reaching 115.72, 13.11, 50.21, and 

79.10, respectively; 

3. A mathematical model was established for pre-

dicting the three-dimensional stiffness of the UPTIS NPT 

structure under different material properties, and a model 

was provided for selecting the independent variable param-

eters based on the required stiffness; 

4. A multi-objective optimization of the design pa-

rameters of the UPTIS NPT structure was based on the re-

sponse surface model. While ensuring the load capacity and 

steering performance, the longitudinal stiffness in the for-

ward and backward directions was increased by 39.1% and 

32.9%, respectively. The optimization process resulted in 

increased longitudinal stiffness and improved the braking 

response performance of the NPT. 

NPTs offer significant flexibility in terms of their 

structural and material design. This study proposed a design 

approach to predict the variation in the three-dimensional 

stiffness of an NPT with different design parameters. In fu-

ture work, further exploration can be conducted to investi-

gate the mathematical relationships between additional pa-

rameters and the dynamic characteristics of NPTs. 
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COMPOSITE SPOKES BASED ON RESPONSE 

SURFACE METHOD 

S u m m a r y 

This study aimed to investigate the relationship be-

tween the static stiffness of non-pneumatic tires (NPTs) and 

the design parameters of composites spokes and shear bands 

using the finite element (FE) method. The stress–strain 

curve of the rubber material was fitted using the neo-

Hookean constitutive model. Subsequently, key design pa-

rameters, including the reinforcement plate thickness and 

constitutive parameters of the spoke and shear band materi-
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als, were selected based on the NPT structure. FE simula-

tions were performed on multiple sets of different parameter 

design schemes for the NPTs, and polynomial models for 

the vertical, lateral, and longitudinal stiffnesses were estab-

lished using response surface analysis. The sensitivity anal-

ysis results indicated that the thickness of the reinforcement 

plate significantly influenced the three-dimensional stiff-

ness, whereas the constitutive parameters of the spoke and 

shear band materials had a relatively minor impact. Finally, 

multi-objective optimization was employed to determine a 

design scheme with maximum longitudinal stiffness while 

ensuring vertical load-bearing capacity. Under the premise 

of ensuring the vertical load-bearing capacity, the longitudi-

nal stiffness increased by 39.1% and 32.9% in the forward 

and backward directions, respectively. This method can be 

used to predict the three-dimensional stiffness of NPTs un-

der different design parameter schemes or to optimize the 

setting parameters of NPTs based on the desired target stiff-

ness, facilitating the rapid design of the three-dimensional 

stiffness of NPTs. 
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