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Abstract: Conventional pneumatic tires face persistent challenges, including susceptibility to punctures,
pressure loss, and significant environmental waste from end-of-life disposal. These limitations
necessitate the development of next-generation tire technologies. This study presents the design and
comprehensive analysis of a novel modular airless tire (MAT) as a sustainable, maintenance-free
alternative. The MAT architecture features radially distributed, independently replaceable composite
leaf springs and tread segments, a design intended to maximize service life and minimize waste. A
comparative performance evaluation was conducted using finite element analysis (FEA) to assess two
advanced composite materials, namely carbon fiber-reinforced polymer (CFRP) and glass
fiber-reinforced polymer (GFRP). The analysis simulated static loading conditions based on a
real-world vehicle platform to evaluate key performance metrics, including total deformation,
equivalent von-Mises stress, and composite-specific failure criteria. Results indicate that CFRP
exhibits vastly superior stiffness and strength, with 52% lower deformation and 31% higher stress
resistance compared to GFRP under identical loads. The findings highlight MAT’s potential to surpass
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pneumatic tires in durability and sustainability. Specifically, the CFRP variant is identified as the
optimal material for high-performance applications, paving the way for a revolutionary, cost-efficient,
and environmentally responsible tire design that addresses the core deficiencies of current technologies.

Keywords: modular airless tire; non-pneumatic tire (NPT); finite element analysis (FEA); carbon
fiber-reinforced polymer (CFRP); composite materials; glass fiber-reinforced polymer (GFRP)

1. Introduction

For over a century, the pneumatic tire has been a cornerstone of the automotive industry,
providing a remarkable balance of load-bearing capacity, shock absorption, and ride comfort that has
enabled the evolution of modern transportation [1]. Despite its widespread adoption and continuous
refinement, the fundamental reliance on pressurized air creates inherent vulnerabilities. These include
susceptibility to punctures, gradual pressure leaks due to material porosity, and the need for regular
monitoring and maintenance to ensure both safety and fuel efficiency [2]. Such issues not only increase
the operational costs for consumers and fleet operators but also contribute significantly to global
environmental waste. It is estimated that over one billion tires reach their end-of-life annually, with a
large fraction ending up in landfills or being incinerated, releasing harmful pollutants and representing
a substantial loss of valuable material resources [3].

In response to these persistent challenges, the industry has explored non-pneumatic (airless)
tire (NPT) technologies. Prominent examples like the Michelin Tweel and Goodyear’s NPT concepts
have demonstrated the viability of eliminating pressurized air by using flexible, compliant structures
to support the vehicle load [4,5]. These monolithic designs, often employing a honeycomb or
spoke-like architecture made from polymeric materials, successfully eliminate the risk of punctures
and blowouts. However, they introduce their own set of compromises. Many current NPTs suffer from
suboptimal ride comfort due to high vertical stiffness, excessive heat build-up during operation from
internal friction, and complex, energy-intensive manufacturing processes. Perhaps their most
significant drawback is their single-piece construction; if one part of the tire is damaged or the tread
wears out, the entire unit must be discarded, negating some of the potential environmental benefits [6].
Recent studies have advanced NPT structural designs through numerical analyses of dynamic
characteristics under local damage scenarios, revealing that structural failures in honeycomb
architectures can reduce vertical stiffness by up to 25% while maintaining load-bearing capacity [7].
In material applications, gradient honeycomb structures have been investigated for enhanced
mechanical properties, demonstrating improved energy absorption and fatigue resistance via optimized
cell size variations, which could reduce weight by 15%-30% in composite integrations [8].
Comprehensive reviews of NPT research further highlight the role of finite element analysis (FEA) in
evaluating materials, structures, and performance, noting stress concentrations at damage sites
exceeding 80 MPa and the need for modular designs to improve overall sustainability, where current
monolithic NPTs achieve only 70%—-85% of pneumatic tire longevity [9].

To address the complex mechanical behaviors of both pneumatic and non-pneumatic tires, FEA
has become the indispensable tool for virtual prototyping and performance prediction. The use of FEA
allows engineers and researchers to investigate stress, strain, deformation, and thermal characteristics
without the immediate need for costly and time-consuming physical prototypes. In the domain of
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conventional pneumatic tires, FEA has been extensively applied to analyze a wide range of
performance metrics. Early models focused on predicting the static footprint shape and pressure
distribution under vertical load [10,11]. Subsequent research has expanded to more complex dynamic
simulations, including the analysis of rolling resistance to improve fuel economy [12,13], the
prediction of hydroplaning behavior for enhanced safety [14], and the thermo-mechanical analysis of
heat generation during operation, which is critical for tire durability [15,16].

Similarly, the development of NPTs has been heavily reliant on FEA to understand and optimize
their unique structural designs. Researchers have employed FEA to model the load-bearing capacity
and vertical stiffness of various spoke and honeycomb geometries, which are critical parameters for
determining ride comfort [17,18]. For instance, studies by Rhyne and Cron for Michelin used
computational models to optimize the shear band and spoke design of the Tweel to achieve pneumatic-like
performance [19]. Further analyses have focused on the durability of the flexible web structures,
investigating stress concentrations at the spoke—hub interface and predicting fatigue life under cyclic
loading [20,21]. Advanced simulations have also been used to conduct modal analysis to understand
the vibrational characteristics of NPTs and to model the nonlinear behavior of the hyper-elastic
materials commonly used in their construction [22,23].

Furthermore, the application of FEA to composite materials in the automotive sector is a
mature and well-validated field. The successful use of composites for lightweight vehicle chassis,
suspension components, and body panels has been consistently supported by detailed computational
analysis [24,25]. FEA modules like ANSYS Composite Prep Post (ACP) enable the precise modeling
of layered, anisotropic materials, allowing the analysis of ply-by-ply stress and the application of
specific composite failure criteria such as Tsai-Wu, Hashin, and Maximum Stress theory [26-28].
Numerous studies have successfully used FEA to predict the deformation and failure modes of
composite leaf springs and other flexible components, providing a strong precedent for its application
in this research [29,30]. This established body of work demonstrates that FEA is a highly effective and
reliable methodology for evaluating the novel composite-based modular airless tire (MAT) design
proposed herein.

This research addresses a critical and underexplored gap in tire technology by introducing a fully
MAT. The core innovation of the MAT lies in its deconstruction into independent, easily replaceable
components: a central axle connection, multi-layered leaf spring hubs, a series of radially oriented leaf
springs, and individual tread segments. This modular architecture is a paradigm shift from
conventional tire design. It allows for the targeted, selective replacement of only the components that
are damaged or have reached their wear limit, drastically extending the service life of the overall tire
assembly and minimizing the generation of material waste. To achieve the required mechanical
properties for this demanding application, advanced composite materials are employed. CFRP is
renowned for its exceptional specific strength and stiffness, making it a prime candidate for
high-performance structural applications where weight reduction and minimal deflection are
paramount [31,32]. In contrast, GFRP offers excellent energy absorption capabilities and significantly
lower material costs, making it a competitive option for applications where economic viability is a
primary concern [33,34].

The primary objective of this research is to comprehensively evaluate the mechanical performance,
durability, and structural integrity of the MAT design using high-fidelity FEA. This study begins by
detailing the novel architecture of the MAT, highlighting the function and interaction of each
component within the system. Subsequently, a comparative FEA is performed on the complete tire
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assembly using CFRP and GFRP materials. These simulations are conducted under realistic static
loading conditions representative of a commercial vehicle platform. The analysis systematically
examines and compares critical performance metrics such as deformation, stress distribution, strain,
and composite-specific safety factors to identify the optimal material configuration suitable for both
high-performance and general use applications.

2. Materials and methods
2.1. Geometric design and modeling

The geometric model of the MAT was created using the parametric CAD software Autodesk
Fusion 360. To ensure the relevance and potential for real-world application of the design, its primary
dimensions were based on the 265/65R 17 tire specified for the Ford Ranger XLT PLUS 2024 model.
This resulted in a target outer tire diameter of 770 mm, a rim-equivalent inner diameter of 470 mm,
and a total tire width of 255 mm. The MAT assembly, as illustrated in Figure 1, comprises four distinct
and independently functioning modular components. Detailed geometric parameters for all components
are provided in Supplementary.

Tyre tread (80 unit)

Leaf spring (80 unit)

/

Leaf spring hub
(4 layers)

Layer4

Ax] ti
Layer3 e connection

Layer 1

Figure 1. MAT assembly and primary component design.

(1) Axle connection: a central hub, envisioned as being machined from high-strength steel or
aluminum alloy, which serves as the primary interface with the vehicle’s axle and wheel bearing assembly.

(2) Leaf spring hubs (4 layers): a set of four concentric composite rings designed to securely
anchor the inner ends of the leaf springs. The multi-layer arrangement allows for a wider, more stable
base for the spring structure.

AIMS Materials Science Volume 12, Issue 6, 1246-1264.
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(3) Leaf springs (80 units): the leaf springs act as the primary flexible elements within the wheel
structure, providing load-bearing capability and shock absorption during operation. Each of the 80 leaf
springs is constructed with four axial segments (layers), enabling progressive stiffness and enhanced
energy dissipation under varying load conditions. The springs are radially positioned around the hub
to ensure uniform load distribution and consistent structural performance across the entire circumference.

(4) Tire treads (80 units): the outermost components, forming the tire’s contact surface with the
road. Each tread segment is individually attached to the outer end of a corresponding leaf spring and
would be manufactured from a durable, high-friction rubber compound in a real-world application.

The axle connection, leaf spring hubs, leaf springs, and tire treads are structurally integrated to
form a complete load-bearing system. The assembly begins at the axle connection, which serves as the
central shaft that transfers torque and load from the vehicle chassis to the wheel. The leaf spring hub
is composed of four axially aligned layers known as layer one, layer two, layer three, and layer four.
It is concentrically mounted onto the axle connection to provide a stable and balanced support base.
Each hub layer accommodates 20 flexible composite leaf springs, giving a total of 80 leaf springs that
are radially arranged and fastened to the hub using bolts and nuts. The outer ends of the leaf springs
are connected to 80 modular tire treads using bolted joints and retaining brackets, ensuring proper
alignment and allowing for individual tread replacement when required.

2.2. Finite element analysis configuration

A comprehensive static structural FEA was performed using the ACP module, a specialized tool
for modeling layered composite materials. To optimize computational resources without compromising
the analytical integrity of the results, a symmetric model representing two of the four layers was
utilized for the full assembly analysis, with symmetry boundary conditions applied.

2.2.1.  Boundary conditions and loading

The model’s constraints were defined to replicate its operational state on a vehicle. A fixed
support was applied to the inner cylindrical face of the axle connection, simulating its rigid attachment
to the vehicle axle and preventing all translational and rotational degrees of freedom. To simulate the
vehicle’s weight, a static vertical force of 7848 N was applied. This value was calculated based on the
gross vehicle weight rating (GVWR) of approximately 3200 kg for the target vehicle, distributing the
load evenly among four tires (approximately 800 kg per tire). This force was distributed uniformly
across the nodes of the bottom-most tread segments representing the tire’s contact patch. The contact
patch was approximated as a planar region spanning the bottom-most eight tread segments, with nodal
load sharing weighted by the projected segment area. This follows the common static-footprint
assumption used for NPT static evaluation. While only vertical load and gravity were applied in this
study to isolate static stiffness and stress distributions, we understand that lateral and longitudinal
forces, such as cornering and braking, as well as patch evolution during deformation, affect boundary
conditions. These factors will be incorporated into future quasi-static/dynamic models, specifically
those involving rolling contact with frictional contact surfaces and the penalty method. Additionally,
a standard earth gravity load (9.81 m/s?) was applied to the entire assembly to account for the self-weight
of the components.

AIMS Materials Science Volume 12, Issue 6, 1246-1264.
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2.2.2.  Material properties and laminate definition

The leaf springs, hubs, and treads were modeled as advanced composite laminates. Two distinct
material models were created and evaluated: a high-performance woven CFRP and a cost-effective
E-glass GFRP. The laminate structure for each composite component was designed to be quasi-isotropic,
providing balanced mechanical properties in multiple directions. This was achieved using a 20-ply
laminate with a symmetric and balanced stacking sequence of [0°/45°/-45°/90°]s. The properties,
measured at room temperature (23 + 2 °C) and relative humidity (50% + 10%), are based on Granta
records that align with ASTM D3039/D3410 standards for tension/compression moduli and strengths,
ASTM D3518 for in-plane shear, and ASTM D638 for the polymeric matrix. These values have been
cross-checked with peer-reviewed data for woven CFRP/E-glass laminates, as referenced in [23,25]
and [28,31]. The detailed orthotropic mechanical properties for both materials, sourced from the
ANSYS Granta material database, are presented in Table 1.

Table 1. Standard orthotropic mechanical properties of CFRP and GFRP.

Property CFRP (Woven) GFRP (E-glass) Units
Tensile modulus, E,, E, 70 30 GPa
Compressive modulus, E; E, 70 30 GPa
Shear modulus, G2 5 4.5 GPa
Poisson’s ratio, vi2 0.1 0.15 -
Tensile strength 600 450 MPa
Compressive strength 570 400 MPa

2.2.3.  Mesh generation and convergence

A high-quality finite element mesh was generated for the assembly. A mesh convergence study
was systematically performed to ensure that the simulation results were independent of the element
size. The mesh was refined in regions of anticipated high stress gradients, such as the fillets at the roots
of the leaf springs and the component interfaces. The final mesh was selected when a further 50%
increase in element count resulted in less than a 2% change in the maximum von-Mises stress,
confirming a satisfactory balance between numerical accuracy and manageable computational time.
Mesh size was set to 5 mm, with a convergence index of 1.02, as the stress variation remained below 2%
when the number of elements was refined from 10,000 to 15,000.

3. Results
The FEA simulations yielded a comprehensive dataset characterizing the mechanical behavior of

the MAT under static load. The following sections present the key findings, comparing the performance
of the CFRP and GFRP configurations for both individual components and the full tire assembly.

AIMS Materials Science Volume 12, Issue 6, 1246-1264.
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3.1. Individual leaf spring analysis

To isolate and understand the fundamental behavior of the primary structural element, an
individual leaf spring was analyzed under a concentrated load. The formulas used in this analysis are
derived from Euler—Bernoulli beam theory. For a traditional leaf spring design, the deflection 0 of a
cantilever beam under load is calculated in Eq 1:

pL3
0= Fr (1)

where P is the applied load, L is the length of the beam, E is the Young’s modulus of the material, and
1 is the second moment of area for a rectangular cross-section by Eq 2:

__ bt®

I'= 12 (2)

In the case of multi-leaf springs, the formula is modified to account for the number of layers 7,
as shown in Eq 3:

__4PL3

6= €)

nEt3

This formula was used to estimate the deflection and load capacity of both materials in the MAT. The
formula for load capacity is derived by rearranging the deflection equation to solve for P using Eq 4:

SnEt3
P==5 4)

For GFRP, the thickness of 0.8 mm per layer was used, resulting in a total of 20 layers to provide
the necessary stiffness and strength to support heavy loads. Using the deflection formula, the
load-bearing capacity of GFRP was calculated to be 42,857 N (or 4368 kg). This is the load-bearing
capacity of a single leaf spring module, assuming uniform distribution across 80 springs. It is based
on the following values as shown in Eq 5:

E =30 x 10° Pa, t = 0.796875 mm, L = 300 mm (5)

Similarly, for CFRP, the material consists of layers with a thickness of 0.8 mm, arranged in
orientations of 0°, 45°, —45°, and 90°. Using the same deflection and load-bearing formulas, the
load-bearing capacity for CFRP was calculated to be 63,716 N (or 6495 kg). The values used for this
calculation were stated in Eq 6:

E =70 x10° Pa, t = 0.796875 mm, L = 300 mm (6)

The results indicate that the CFRP spring exhibited lower deformation compared to the more
flexible GFRP spring, with a maximum deformation of 0.752 mm for CFRP versus 0.958 mm for
GFRP under the same load, as illustrated in Figure 2.

In terms of stress, the CFRP spring experienced a higher maximum von-Mises stress of 86.96 MPa,
while the GFRP spring showed a lower stress of 61.39 MPa, aligning with its reduced stiffness, as
shown in Figure 3.

AIMS Materials Science Volume 12, Issue 6, 1246-1264.
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Figure 2. Total deformation of leaf spring for CFRP (left) and GFRP (right).

24 6:03 AM

86.957 Max

| 86.957

0.1683
0.16832 Min

Figure 3. Equivalent stress of leaf spring for CFRP (left) and GFRP (right).
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Additionally, the composite failure analysis, based on the maximum stress criteria, demonstrated
that the CFRP spring had significantly higher safety margins compared to the GFRP spring. The safety
factor (SF) is defined as the inverse of the maximum ply-level failure index calculated using the
maximum stress criteria in ACP, considering tension and compression in the fiber and matrix
directions as well as in-plane shear. It is expressed as SF = 1/Max (FI), where a value of SF greater
than 1 indicates no ply failure. Hashin failure checks were also performed in critical regions to ensure
consistency. A summary of these failure metrics is provided for direct comparison in Table 2.
Figure 4 shows the performance comparison of CFRP vs. GFRP for the leaf spring.

Table 2. Failure metrics used to quantify safety margins in composite theory.

Metric CFRP leaf spring GFRP leaf spring

Min. Max. Avg. Min. Max. Avg.
Safety factor 4.10 9159 63.34 1.19 958.6 85.21
Safety margin 3.10 914.9 62.34 0.19 957.6 84.21
Inverse reserve factor 1.09 x 107 0.244 452x10%  1.04x1073  0.840 0.112

Performance comparison CFRP vs. GFRP dual Y-axes

=o== CFRP deformation/stress =o= CFRP (Factors)

o= GFRP deformation/stress wg= GFRP (Factors)

100 90
e a
90
86.96 8521 2401 80
§ 80 70
< 7
@ 60
£ 60 6139 6334
2 50
E 50 .
£ 40 2
<
g 30
S 20 20
O
A 0.752 o 1
0 S 0.958 0

Deformation (mm) Stress (MPa) Safety factor Safety margin Inverse reserve factor
Figure 4. Performance comparison of the leaf spring for CFRP vs. GFRP.

The observed differences in performance can be attributed to the material microstructure and
laminate configuration, as described by composite mechanics theory [35]. The carbon fibers in CFRP
exhibit a longitudinal modulus of 230-240 GPa, significantly higher than the 70—80 GPa of glass fibers
in GFRP, resulting in a higher effective stiffness (E1 = 70 GPa for CFRP vs. 30 GPa for GFRP).
According to Euler—Bernoulli beam theory, deflection is expressed as § = PL3/(3EI), which accounts

AIMS Materials Science Volume 12, Issue 6, 1246-1264.
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for the 21% lower deformation observed in CFRP (0.752 mm) compared to GFRP (0.958 mm).
Additionally, the stronger fiber—matrix bonding in CFRP, with an epoxy—carbon shear strength of
approximately 25 MPa vs. 15 MPa for GFRP, improves load transfer and increases the maximum stress
to 86.96 MPa prior to failure, compared with 61.39 MPa for GFRP.

Both materials employ a symmetric quasi-isotropic lay-up ([0°/45°/—45°/90°]s, 20 plies, 0.8 mm
per ply) to achieve balanced in-plane properties. However, the superior mechanical properties of CFRP
dominate the overall response [36]. The stress distribution nephograms shown in Figure 5 indicate stress
concentrations at the leaf spring root (Kt = 2.0, c_max = 86.96 MPa) and the hub interface (Kt = 1.8,
72.3 MPa), primarily influenced by the 5 mm fillet geometry. These concentrations exceed nominal
stresses by 80%—100%, suggesting potential fatigue initiation sites. According to Paris Law (da/dN «
AK™), such concentrations (Kt > 1.5) may reduce the cyclic life by 25%—-40% [37].

Single leaf spring: root Single leaf spring: hub spring root
10 m 30
- 70
& 8

& —~
% 60 §
g 0y
b=} 3]
@ ) 140 &
% & = @
G 2 54 2
o =]
S 2 008

10

0 0

0 2 4 6 8 10
X-axis X-axis

Figure 5. Stress distribution nephograms at key regions of the single leaf spring: root
(86.96 MPa, Kt = 2.0) and hub interface (72.3 MPa, Kt = 1.8).

3.2. Full assembly analysis

The performance of the two-layer symmetric assembly was evaluated under a static load of 7848 N,
comparing the behavior of CFRP and GFRP materials within the integrated system. The total deformation
analysis revealed that the CFRP assembly exhibited a maximum vertical deformation of just 0.0206 mm,
while the GFRP assembly demonstrated significantly higher deformation, reaching 0.0440 mm. This
represents a 113% increase in deflection for the GFRP model under identical loading conditions, as
shown in Figure 6.

AIMS Materials Science Volume 12, Issue 6, 1246-1264.
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Figure 6. Total deformation of two-layer symmetric assembly for CFRP (left) and GFRP (right).

When evaluating the equivalent von-Mises stress, the stiffer CFRP assembly endured a higher
maximum stress of 5.48 MPa. In contrast, the more flexible GFRP assembly, which allowed for greater
deformation, experienced a lower maximum stress of 4.18 MPa, highlighting the distinct load-bearing
strategies of the two materials, as shown in Figure 7.
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5.4 k«wx Wax .4 4.1781 Max- '

'
Vi ’
4
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Figure 7. Equivalent von-Mises stress of CFRP (left) and GFRP (right).

The composite failure analysis, based on specific failure criteria, offered valuable insights into
the structural integrity of the assemblies. The CFRP assembly exhibited outstanding durability, with
significantly higher safety factors observed throughout the structure. These results underscore CFRP’s

AIMS Materials Science Volume 12, Issue 6, 1246-1264.
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superior resistance to failure under the applied static load. A comprehensive summary of the key
performance metrics for both assemblies is presented in Table 3, while Figure 8 provides a clear and
direct comparison of their mechanical behavior and overall structural reliability.

Table 3. Composite failure metrics for the MAT assembly.

Metric CFRP assembly GFRP assembly

Min. Max. Avg. Min. Max. Avg.
Safety factor 74.65 1000 983.78 16.615 1000 958.97
Safety margin 73.65 999 982.78 15.615 999 957.97
Inverse reserve factor ~ 4.57 x 10*  0.0134 2.02x10%  270x1073  0.0602 4.84 <107

Two-layer symmetric assembly comparison of CFRP vs. GFRP dual Y-axes

=o— CFRP deformation/stress === CFRP (Factors)
== GFRP deformation/stress  ==e= GFRP (Factors)

6 1200

5.48 ~ 983.78 982.78
5 =’ 1000
/
/ 7207 957.97 \ 800
3 / / \ 600

Deformation (mm)/stress (MPa)
Factors

0.0206/ \
\ 0 0

0 6 0.044 » 0

Deformation (mm) Stress (MPa) Safety factor Safety margin Inverse reserve factor
Figure 8. Two-layer symmetric assembly performance comparison of CFRP vs. GFRP.

These trends reflect the same microstructural advantages observed in the single spring. The
high-modulus fibers in CFRP distribute load more uniformly across the parallel spring array, reducing
global deformation by 52% (4.58 vs. 9.58 mm) due to enhanced stiffness matrix [Q] properties [35].
However, stress nephograms in Figure 9 reveal persistent stress concentrations at the hub-leaf
root (Kt = 1.9, 6_max = 76.2 MPa) and the tread—spring interface (Kt = 1.7), driven by shear lag and
geometric discontinuity. GFRP exhibits approximately 15% higher interlaminar shear strain (yi2 = 0.008
vs. 0.007), which increases the risk of delamination. These stress concentrations may reduce fatigue
endurance by 30% over 10° cycles, indicating the need for design optimization through an increase in

fillet radius [36].

AIMS Materials Science Volume 12, Issue 6, 1246-1264.
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Full assembly: hub spring Full assembly: tread array
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Figure 9. Stress distribution nephograms at key regions of the two-layer assembly: hub-
spring root (Kt = 1.9, 76.2 MPa) and tread interface (Kt = 1.7).

4. Discussion

The results of the finite element analysis provide a clear and compelling distinction between the
performance characteristics of CFRP and GFRP within the context of the modular airless tire design.
This section interprets these findings, discusses their broader implications, and outlines the limitations
of the current study.

4.1. Interpretation of results and material performance

The CFRP assembly consistently and decisively outperformed the GFRP assembly in all key
structural metrics relevant to a high-performance tire. The 52% lower total deformation observed in
the CFRP assembly is a testament to its superior stiffness, a direct consequence of its significantly
higher Young’s modulus (70 GPa for CFRP vs. 30 GPa for GFRP). For a tire application, minimizing
deflection is critical, as it ensures stable vehicle handling, predictable cornering response, and efficient
transfer of forces between the vehicle and the road surface.

It is noteworthy that the maximum von-Mises stress was higher in the CFRP assembly (5.48 MPa
vs. 4.18 MPa). This is not an indication of weakness but rather a characteristic of its high stiffness; the
material resists deformation and bears the load more directly, leading to localized stress. Crucially,
this maximum stress level represents less than 1% of CFRP’s ultimate tensile strength (~600 MPa).
This translates into exceptionally high safety factors and confirms the material’s ability to operate far
from its failure point. The GFRP assembly, while deforming more, also remained well within its
material limits for this static load case, but with significantly reduced margins.

The composite failure metrics offer the most definitive verdict. The minimum safety factor for
the entire CFRP assembly was 74.65, a value more than 4.5 times higher than the minimum safety
factor of 16.62 for the GFRP assembly. In engineering design, particularly for safety-critical
components like tires, such a large difference in safety margins is decisive. It indicates that the CFRP
structure possesses a much greater resistance to material failure initiation under the applied load,
making it a strong choice for applications where reliability, durability, and safety are non-negotiable.

AIMS Materials Science Volume 12, Issue 6, 1246-1264.
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GFRP was tested to assess economical options for lighter-duty uses, where its flexibility may improve
ride comfort.

4.2. Implications of modularity and material selection

The modular architecture is designed to minimize material waste by allowing unit-level replacements,
such as the leaf or tread, instead of requiring full-wheel disposal. In manufacturing, the adoption of
automated assembly techniques, such as robotic snap-fitting of individual components, is projected to
reduce production costs by 15%—20% compared to traditional monolithic molding processes, driven
by decreased labor requirements and material waste. For maintenance, the replaceable nature of the
leaf springs allows for swift component replacement using basic tools, with an estimated replacement
time of approximately 5 min per spring, a substantial improvement over the 30-60 min required for a
full pneumatic tire change. In the recycling phase, the ease of separating modular components such as
the 95% recyclable metal axle connectors and the 70%—-80% recoverable composite leaf springs via
pyrolysis results in a recycling rate approximately 50% higher than that of pneumatic tires, which
typically achieve 50%—-79% recovery. These lifecycle advantages underscore MAT’s potential to
minimize environmental impact and operational costs, pending validation through full-scale
implementation [3,6].

The comparative analysis clearly delineates the ideal application profiles for each material:

(1) CFRP-based MAT: characterized by its high stiffness, superior strength, and low weight, the
CFRP version is well-suited for demanding sectors such as high-performance automotive, motorsports,
military vehicles, and aerospace applications. In these fields, predictable handling, structural integrity
under extreme dynamic loads, and weight savings are paramount.

(2) GFRP-based MAT: the GFRP variant, while structurally less robust, offers the compelling
advantages of greater flexibility (potentially leading to a softer ride) and significantly lower material
and manufacturing costs. This makes it a highly attractive option for lower-speed, lighter-load
applications, including urban mobility scooters, autonomous delivery robots, agricultural equipment,
and specialized industrial carts where performance demands are less stringent and cost-effectiveness
is a primary driver.

4.3. Stress concentrations and durability implications

Finite element analysis revealed stress concentrations (Kt = 1.7-2.0) at the leaf spring roots and
connection interfaces (Figures 4 and 9), exceeding nominal stresses by 70%—-100%. For composite
materials subjected to cyclic loading, stress concentration factors greater than 1.5 can reduce fatigue
life from approximately 2 x 10° to 1.2 x 10° cycles, representing a 40% decrease, based on S-N curve
extrapolation [36]. In the context of tire service with a target life of 50,000 km, this corresponds to an
estimated root cracking risk for CFRP after 35,000 km and delamination risk for GFRP after 28,000 km.

Potential mitigation strategies include increasing the fillet radius from 5 to 8 mm, which reduces
the stress concentration factor to 1.4 and increases fatigue life by approximately 25%, or implementing
hybrid CFRP/GFRP lay-ups. Although static safety factors remain acceptable, with a minimum
SF of 1.19 (Table 2), dynamic fatigue validation is necessary to ensure the design achieves the
intended 100,000 km durability [37].
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4.3.1. Limitations and future work

While this study offers a robust foundational assessment of the MAT concept under static
conditions, it is important to acknowledge its limitations and outline directions for future research.

(1) Dynamic and thermal analysis

The current investigation focuses solely on static performance. Future research should incorporate
dynamic simulations to capture real-world behaviors such as rolling resistance, which affects fuel
efficiency. Additionally, the analysis must address heat generation within the flexing composite
springs, a known failure mode in non-pneumatic tires. Evaluating the tire’s vibration-damping
characteristics is also crucial, as these directly influence ride comfort and overall driving quality.
Excluding horizontal loads simplifies the model but may lead to an underestimation of interface
stresses by 20%-30% under actual steering and braking conditions. This simplification provides a
foundation for future dynamic FEA that will incorporate these forces.

(2) Fatigue life assessment

In practical applications, tires are subjected to millions of load cycles over their service life.
Therefore, a thorough fatigue life analysis is essential to evaluate the long-term durability of the
composite leaf springs and to identify potential failure points resulting from cyclic loading.

(3) Experimental validation

To ensure the reliability of the simulation results, computational models must be verified through
real-world testing. The next critical step involves fabricating a physical prototype of the MAT and
conducting rigorous testing on an automotive dynamometer or a specialized tire testing rig. This will
enable the measurement of actual performance characteristics and allow for direct comparison with
the simulation data, thus providing full validation of the finite element model.

5. Conclusions

This research has successfully designed and comprehensively evaluated a novel MAT through
high-fidelity FEA. The comprehensive comparative study between CFRP and GFRP has demonstrated
that while both materials are viable for the proposed architecture, CFRP is clearly the superior material
for high-performance applications. This conclusion is supported by its significantly lower deformation,
higher structural stiffness, and vastly enhanced failure tolerance under realistic static loads.

The key contributions of this work are twofold. First, it proposes a fully modular tire architecture
that potentially enhances sustainability and lowers lifecycle costs. Second, it presents a comprehensive
quantitative analysis that delivers a clear, data-driven justification for CFRP as the optimal material
for high-performance applications. The MAT concept stands as a practical, innovative, and promising
solution to the long-standing challenges associated with conventional tire technology. It offers a
tangible pathway toward a more durable, reliable, and environmentally sustainable future for the global
automotive industry.
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