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ABSTRACT
This study presents the design, numerical simulation, fabrication, and mechanical char
acterization of an automotive hubcap manufactured from a jute fabric-reinforced epoxy 
biocomposite. The hubcap geometry was designed in SolidWorks and analyzed using 
finite element simulations under static, centrifugal (2546 rpm), and thermal (130 °C) 
loading conditions representative of service environments. The component was fabri
cated by compression molding using a two-part silicone mold derived from a 3D-printed 
master. Mechanical testing of jute–epoxy laminates revealed a tensile strength of 25.97  
MPa, a tensile modulus of 2.47 GPa, a flexural strength of 69.41 MPa, and a flexural 
modulus of 1.08 GPa. Finite element results showed low deformation (maximum 
0.058 mm under static load and 0.031 mm under centrifugal load) and Von Mises stresses 
below 9.5 MPa, corresponding to safety factors above 2.7. Under thermal loading, the 
maximum stress reached 52.3 MPa with a displacement of 0.138 mm, identifying tem
perature as the most critical condition. The fabricated hubcap exhibited a low mass of 
239 g, representing an estimated weight reduction of 30–40% compared to conven
tional plastic alternatives. These results confirm the feasibility of jute-based biocompo
sites for lightweight, non-structural automotive applications with improved 
environmental performance.

摘要
本研究針對一種由黃麻織物增強環氧生物複合材料製成的汽車輪轂蓋，闡述其設計、 
數值模擬、製造及力學特性分析。輪轂蓋的幾何形狀在SolidWorks中進行設計，並透 
過有限元素模擬，在代表實際使用環境的靜態、離心 (2546rpm)及熱 (130 °C)載荷條件 
下進行分析。該部件採用由3D列印母模衍生的雙組分矽膠模具，透過壓縮成型製成。 
對黃麻-環氧樹脂層壓板的機械測試顯示，其抗拉強度為25.97 MPa、抗拉模量為2.47 
GPa、彎曲強度為69.41 MPa，以及彎曲模量為1.08 GPa。有限元素分析結果顯示，其變 
形量較小 (靜態載荷下最大0.058 mm，離心載荷下最大0.031 mm)，馮·米塞斯應力低於 
9.5 MPa，對應的安全係數高於2.7。在熱載荷作用下，最大應力達52.3 MPa，位移為 
0.138 mm，表明溫度是關鍵的工況。所製成的輪轂蓋重量僅 239 克，相較於傳統塑膠 
替代品，估計減重幅度達 30–40%。這些結果證實了以黃麻為基材的生物複合材料， 
適用於輕量化、非結構性的汽車應用，並能提升環境性能
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Introduction

The automotive industry faces increasing pressure to reduce vehicle mass, fuel consumption and 
greenhouse-gas emissions while maintaining high standards of safety, comfort, and durability. 
Fiber-reinforced polymer (FRP) composites based on glass or carbon fibers are widely used because 
of their high specific stiffness and strength, yet their nonrenewable origin, energy-intensive pro
duction and difficult end-of-life management raise environmental concerns (Czerwinski 2021; 
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Mostefa Meddah et al. 2026; Musa and Onwualu 2024; Skosana, Khoathane, and Malwela 2025; Yan 
and Xu 2025). Natural-fiber-reinforced biocomposites have therefore emerged as promising alter
natives, combining low density, partial biodegradability, and a reduced carbon footprint (Akter, 
Uddin, and Tania 2022; Naghdi 2021; Puttegowda 2025; Saravanakumar et al. 2026). Lignocellulosic 
fibers such as jute, flax, hemp, Inula and sisal have been extensively investigated as reinforcements 
for thermoplastic and thermoset matrices (Amroune et al. 2021; Belaadi et al. 2022; Benyettou et al.  
2026; Fnides et al. 2026; Kurien, Selvaraj, et al. 2023; Lamia et al. 2023; Moussaoui et al. 2021). 
Their relatively low density (about 1.3–1.5 g/cm3 for jute) and tensile strength typically between 350 
and 800 MPa offer attractive stiffness-to-weight ratios for semi-structural components. Recent 
reviews underline that natural-fiber biocomposites can achieve mechanical performance compatible 
with many automotive applications, while reducing part weight by 20–40% compared with glass- 
fiber composites (Islam et al. 2022; Kurien and Thomas 2026; Kurien et al. 2022, Ullah, Akhter 
et al. 2025; Kurien et al. 2026). However, the overall behavior of these materials is often limited by 
moisture sensitivity, variability of fiber properties and imperfect fiber–matrix adhesion, which can 
lead to premature damage under severe mechanical or thermal loading as clearly shown by the 
evolution of interfacial strength and crack-propagation resistance after physico-chemical and alkali 
treatments on new cellulosic fibers (Azwa et al. 2013; Benhamadouche et al. 2025; Madueke, Mbah, 
and Umunakwe 2023; Sivaraja et al. 2010).

Among natural fibers, jute is particularly attractive thanks to its widespread availability, low cost, 
good specific mechanical properties, and compatibility with common polymer matrices. Several 
studies have reported that jute–epoxy laminates can reach tensile strengths in the 25–80 MPa range 
and flexural strengths above 70 MPa, depending on fiber content, fabric architecture and processing 
conditions (Belaadi et al. 2020; Gupta et al. 2023; Kannan, Thangaraju, et al. 2025; Kurien, Arshad, 
et al. 2025; Slamani et al. 2025). Such properties make jute–epoxy biocomposites suitable for semi- 
structural components where weight, stiffness and impact resistance must be balanced with sustain
ability requirements. At the same time, the relatively low glass transition temperature and thermal 
stability of standard epoxy systems raise questions about their behavior in exterior automotive 
environments, where components are exposed to temperature gradients, solar radiation, and 
thermal cycling. Similar tensile and flexural levels have been reported for newly developed cellu
losic fibers extracted from date-palm spathes and other agricultural by-products, once appropriate 
extraction, and alkali or physico-chemical treatments are applied, confirming that well-engineered 
lignocellulosic reinforcements can compete with traditional bast fibers in biocomposites (Djalal 
et al. 2024; Moussaoui et al. 2023; Musa and Onwualu 2024; Naik and Kumar 2021; Raja et al.  
2025).

Natural-fiber biocomposites are already used in interior automotive parts such as door panels (Kurien 
et al. 2020), instrument-panel carriers and trunk liners, and they are increasingly considered for exterior 
components including bumpers, underbody shields and body panels. Nevertheless, their potential for 
smaller exterior accessories such as hubcaps (wheel covers) remains less explored, even though these 
parts are relevant for light-weighting and aesthetic customization and are subjected to combined mechan
ical, centrifugal, and thermal loads during service (Kannan, Kurien, et al. 2025; Kurien, Bodaghi, et al. 2025; 
Kurien, Maria Anil, et al. 2023). In particular, there is a lack of studies that combine detailed mechanical 
characterization of jute–epoxy composites, finite element analysis of realistic hubcap geometries and 
experimental fabrication of full-scale prototypes (Fisher 2023; Kurien et al. 2024; Musa and Onwualu  
2024, Sahu, Das et al. 2025; Naik and Kumar 2021; Skosana, Khoathane, and Malwela 2025).

This work addresses a gap by presenting an original study of a full-scale automotive hubcap made 
entirely from a jute–epoxy biocomposite. Its originality lies in an integrated approach combining design, 
experimental characterization, numerical modeling, and validation through a functional prototype. The 
main contributions are: (i) the design of a geometry adapted to the mechanical and thermal constraints of 
exterior applications; (ii) the determination of tensile and flexural properties of the laminate, implemented 
in an equivalent finite element model; (iii) a detailed numerical analysis under combined static, centrifugal, 
and thermal loading; and (iv) the fabrication of a prototype by compression moulding using a silicone mold 
derived from 3D printing. This approach provides a realistic basis for replacing conventional plastic 
hubcaps.
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Methodology

Materials

Jute fabric
Jute is a lignocellulosic fiber obtained from plants of the genus Corchorus. It is widely used in polymer 
composites due to its favorable balance between mechanical properties, cost, and renewability. The woven 
jute fabric employed in this study exhibits a density of about 1.3–1.5 g/cm3, a tensile strength between 393 
and 800 MPa, and a Young’s modulus ranging from 10 to 30 GPa, as reported in earlier characterization 
studies. The fabric architecture provides multidirectional reinforcement and promotes uniform impregna
tion by the epoxy matrix (Figure 1a).

Epoxy matrix (MEDAPOXY STR)
The MEDAPOXY STR epoxy system, supplied by GRANITEX–GNP (Algiers, Algeria), is used as thermoset 
matrix. It is provided as a pre-dosed two-component kit consisting of resin (component A) and hardener 
(component B), offering good chemical resistance, strong adhesion to various substrates and excellent 
wettability of fibrous reinforcements (Figure 1a, b). The resin/hardener mass ratio recommended by the 
manufacturer (100:40) is adopted throughout the study.

Hubcap design

The hubcap is designed in SolidWorks following a systematic procedure based on functional analysis 
and service constraints. The main functions are: (i) protection of the wheel hub and nuts against 
debris and corrosion, (ii) enhancement of wheel aesthetics, and (iii) contribution to vehicle light- 
weighting through an optimized geometry. Design constraints include resistance to dynamic loading, 
compatibility with a five-stud rim, thermal resistance up to 100°C and ease of assembly/removal 
during maintenance.

A technical specification is derived from these requirements, setting a nominal diameter of 380 mm, an 
average thickness of 2–3 mm and a target mass below 500 g. The 3D model is generated from a 2D sketch 
revolved around the wheel axis, followed by 3D operations including fillets to reduce stress concentrations, 
peripheral cutouts to decrease weight and maintain stiffness, and bolt-hole patterns matching the rim 
geometry. Figure 2 shows the final CAD model with five uniformly distributed fixing points around the hub 
and peripheral openings for weight reduction and visual effect.

Figure 1. (a) jute fabric used as reinforcement for the biocomposite hubcap, MEDAPOXY str epoxy system: component 
a (resin) and component B (hardener).
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Finite element simulation

A finite element (FE) analysis is conducted using SolidWorks Simulation to evaluate the structural 
response of the jute–epoxy hubcap under representative service conditions. The material is modeled 
as an equivalent homogeneous medium, whose properties are derived from the experimentally 
measured tensile and flexural characteristics of the composite (Governing equations) and supple
mented with data reported in the literature for comparable natural fiber laminates (Farronato et al.  
2019; Ibrahim et al. 2025; Saada et al. 2023; Sahu and Mohanty 2025; Siguerdjidjene et al. 2024).). 
Boundary conditions are imposed at the five attachment regions, which are idealized as fixed 
supports to simulate the rigid clamping of the hubcap onto the wheel rim (Sahu, Das et al.  
2025; Sahu, Das, and Mohanty 2025).

Three loading scenarios are investigated: (i) a static mechanical load representing in-service 
forces, (ii) a centrifugal load associated with a rotational speed of 2546 rpm, and (iii) a uniform 
thermal load of 130°C to account for heating effects induced by braking and environmental 
conditions. The hubcap geometry is discretised using three-dimensional tetrahedral finite elements, 
a choice driven by the geometric complexity of the component, including curved surfaces, fillets, 
and local discontinuities near the fixing holes. These elements are well suited to irregular geome
tries, allowing efficient automatic mesh generation and good adaptability, while enabling local 
refinement in critical to accurately capture stress concentrations. This strategy provides a suitable 
compromise between computational cost and solution accuracy within the SolidWorks Simulation 
framework (Figure 3) (Belhocine and Abdullah 2020; Koppisetti, Nallu, and Penmetsa 2022; Shinde, 
Bulsara, and Patil 2022). For each loading case, the FE solver yields the distributions of Von Mises 
stresses, displacement fields, and corresponding safety factors relative to the admissible strength of 
the composite.

Figure 2. CAD model of the biocomposite hubcap designed in SolidWorks: (a) base hubcap structure, (b) fiber-reinforced 
regions, (c) insertion of cylindrical reinforcement elements, and (d) final assembled hubcap design.
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Mathematical formulation and finite element modeling

The mathematical behavior of the hubcap structure is analyzed using the finite element method under the 
framework of linear thermoelasticity. The material is assumed to be homogeneous and linearly elastic, and 
small deformations are considered (Awrejcewicz and Krysko 2020; Dunić et al. 2016; Sánchez-Majano et al.  
2022).

Governing equations
Let ΩCR3 denote the domain of the structure with bounding @Ω ¼ Γu [

Γt where Γu represents the fixed 
regions corresponding to the five attachment points. The unknown field is the displacement vector U(x)

The strain tensor is defined as (eq. 1): 

The constitutive relation for linear thermoelasticity is given by (eq. 2): 

Where C is the fourth-order elasticity tensor and εth is the thermal strain tensor. For an isotropic 
material, the thermal strain reads (eq.3): 

With / being the coefficient of thermal expansion, ΔT ¼ T � Tref , and I the second-order identity 
tensor. The equilibrium equation in the absence of inertia effects is expressed as:

Δ:σ þ b ¼ 0 in Ω
Where b denotes the body force vector.
The bonding conditions are defined as:
u ¼ 0 on Γu
σn ¼ t on Γt
Where n is the outward normal to the boundary and t is the applied traction vector.

Figure 3. Finite element mesh of the hubcap with local refinement near fixing holes and geometric details.
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Load cases
Three loading configurations are considered:

(1) Static mechanical loading, applied as external forces or pressures on selected surfaces.
(2) Centrifugal loading, associated with rotational motion at an angular velocity ω. The centrifugal 

body force is expressed as (Eq. 4): 

Where ρ is the material density, r(x) is the radial distance from the axis of rotation, and er is the radial unit 
vector.

Thermal loading, corresponding to a uniform temperature increase applied to the structure, generating 
thermal strain due to constrained deformation.

Weak form and finite elements discretization

The weak form of equilibrium problem is obtained using the principal of virtual work. Find u ε H1 Ωð Þ½ �
3 

such that u ¼ 0 on Γu and for all admissible virtual displacement v ε H1 Ωð Þ½ �
3 vanishing on Γu the following 

holds (Eq.5): 

The domain is discretized using three-dimensional finite elements, leading to the following system of 
algebraic equations.

KU= Fmec þ Fcent þ Fth
Where K is the global stiffness matrix, U is the nodal displacement vector, and Fmec; Fcent; andFth are the 

mechanical, centrifugal, and thermal load vectors, respectively.

Post processing

The stress condition within the material is assessed by calculating the von Mises equivalent stress, which 
serves as a scalar indicator derived from the different normal and shear stress components and is 
mathematically expressed as follows (Eq.6): 

Manufacturing of the hubcap

Master and silicone mold − 3D printed
A master model of the hubcap is produced by fused-deposition modeling (FDM) using the CAD geometry 
exported to slicing software. The printed part serves as a physical template for subsequent silicone molding 
(Figure 4).

A two-part silicone mold is then manufactured in two phases: in the first phase, the printed master is 
fixed to a rigid base plate, placed in a sealed box and partially embedded in silicone to form the first half of 
the mold; in the second phase, a release agent is applied, the master is repositioned using alignment dowels, 
and the second half of the silicone is poured and cured, resulting in a reusable mold with accurate geometry 
(Figure 5).

Compression molding of the jute–epoxy hubcap
The hubcap is manufactured by compression molding using the silicone mold and two jute fabric plies cut 
to the final geometry. The plies (~1.5 mm thick) are punched according to the hubcap pattern (diameter 
380 mm, five fixing holes Ø 12 mm) and dried under controlled pressure (2 MPa, 80°C, 10 min) in 
a hydraulic press to remove residual moisture and stabilize the fibers. The epoxy resin and hardener 
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(100:40 mass ratio) are mixed thoroughly and degassed under vacuum to minimize air entrapment. The 
dried jute plies are impregnated manually on both sides with the epoxy system to ensure full saturation, and 
the [jute/resin/jute] lay-up is placed inside the silicone mold.

The mold is closed and subjected to isothermal compression (3 MPa, 60°C, 4 h), followed by cooling at 
room temperature for 12 h. After demolding, the hubcap is trimmed, sanded (P400) and cleaned to reach an 
automotive-grade surface finish (Ra <3.2 µm) (Figure 6). The final mass of the hubcap is measured as 239 g.

Mechanical testing of jute–epoxy plates

Rectangular tensile and flexural specimens were machined from jute–epoxy plates manufactured under the 
same processing and curing conditions as the hubcap. The tensile tests were performed in accordance with 
ASTM D3039, using specimens with a gauge length of 100 mm, a width of 15 mm and a nominal thickness 
of 3 mm, while three‑point bending tests followed ASTM D790 with a span‑to‑thickness ratio of 16:1 (Faruk 
et al. 2012; Pickering, Efendy, and Le 2016; Saba et al. 2016). All tests were conducted on a universal testing 
machine equipped with a 5 kN load cell at a constant crosshead speed of 2 mm/min. For each configuration, 
at least four specimens were tested to account for variability, and average values as well as standard 
deviations of Young’s modulus and ultimate strength were calculated (Figure 7). The measured tensile 

Figure 4. 3D printed master model of the hubcap used to fabricate the silicone mold: (a) 3D printer setup, (b) printing 
process of the hubcap model, and (c) final 3D printed hubcap master model.

Figure 5. Two-part silicone mould of the hubcap: (a) first half; (b) second half.
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and flexural properties were then used as input data for defining the equivalent homogeneous material in 
the finite element simulations

Results and discussion

Mechanical properties of the jute–epoxy composite

The mechanical characterization of the jute–epoxy laminate shows a tensile Young’s modulus of approxi
mately 2.47 GPa and an ultimate tensile strength of 25.97 MPa, while the flexural modulus and flexural 
strength reach 1.08 GPa and 69.41 MPa, respectively. These values fall within the typical range reported for 
woven jute–epoxy laminates (Benhamadouche et al. 2025; Joshi et al. 2004; Karthika, Deb, and Venkatesh  
2021; Mir et al. 2010), confirming both the consistency of the material and the reliability of the manufactur
ing process adopted in this study. From a materials engineering perspective, the combination of moderate 
strength and satisfactory stiffness reflects the intrinsic characteristics of natural-fiber composites, which 
generally exhibit lower absolute mechanical performance than synthetic fiber composites but offer compe
titive specific properties. This balance makes the material particularly suitable for semi-structural 

Figure 6. Compression moulding and final biocomposite hubcap after demoulding and finishing.

Figure 7. Test specimens for tensile and flexural testing.
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applications where weight reduction and sustainability are key considerations. The tensile stress–strain 
curves of specimens E1–E4 (Figure 8a) exhibit an initial quasi-linear elastic region up to approximately 
15–20 MPa, corresponding to the elastic response of both the epoxy matrix and the jute fibers with effective 
stress transfer at the fiber–matrix interface. Beyond this stage, a gradual deviation from linearity is observed, 
indicating the onset of damage mechanisms such as matrix micro-cracking, fiber–matrix debonding and 
local fiber reorientation within the woven structure. The final stage is characterized by a pseudo-ductile 
failure occurring between approximately 22 and 32 MPa at strains ranging from 0.012 to 0.017. This 
progressive failure behavior is typical of woven natural-fiber composites and has been widely reported in 
the literature (Haq et al. 2024; Hasan, Islam, and Hassan 2024), and is advantageous in terms of structural 
safety as it prevents sudden brittle fracture.

The variability observed between the different tensile curves can be attributed to the inherent hetero
geneity of natural fibers as well as to processing-related factors. Differences in fiber properties, such as 
diameter, microfibril angle and cellulose content, combined with potential variations in impregnation 
quality, void content and fiber alignment, contribute to the dispersion of the results. Such variability is 
a well-known characteristic of lignocellulosic composites and must be accounted for in engineering design 
through appropriate safety factors (Haq et al. 2024; Hasan, Islam, and Hassan 2024). In practice, the 
allowable stress is often limited to a fraction (around 30–40%) of the ultimate tensile strength to ensure 
structural reliability under service conditions.

The flexural behavior of the laminate, illustrated in Figure 8b, is particularly relevant for the hubcap 
application, which is mainly subjected to bending loads. The flexural stress–strain curves display an initially 
linear response followed by a non-linear regime and pseudo-ductile failure, similar to the tensile behavior 
but with higher stress levels, reaching up to about 69.41 MPa. This higher resistance in bending can be 
explained by the laminated structure, where the outer plies sustain tensile and compressive stresses while the 
inner layers contribute to shear transfer. Failure mechanisms under bending involve tensile cracking of the 
outer layers, fiber micro-buckling in compression and interlaminar debonding, as commonly reported for 
woven natural-fiber laminates (Abdellaoui et al. 2015; Hossain et al. 2013).

Overall, the mechanical performance of the jute–epoxy laminate demonstrates a suitable compromise 
between stiffness, strength, weight and environmental benefits. These results confirm the potential of such 
biocomposites for non-structural automotive components such as hubcaps, where moderate mechanical 
performance combined with lightweight characteristics and sustainability is required, in agreement with 
recent developments in natural-fiber composites for automotive applications (Ullah, Akhter et al. 2025).

Structural performance of the jute–epoxy hubcap

The FE analysis allows the structural response of the hubcap to be evaluated under three representative 
loading scenarios: static mechanical load, centrifugal load at 2546 rpm and uniform thermal load at 130°C. 
Under static loading, Von Mises stresses range from 600 Pa to 8 MPa, with the highest values localized 

Figure 8. (a) tensile stress–strain curves of specimens E1–E4, (b) flexural stress–strain curves of specimens E1–E4.
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around the five fixing holes, while the rest of the hubcap remains lightly stressed (Figure 9a). This 
concentration is expected, since the fixing points are the main load-transfer paths between the hubcap 
and the wheel, and similar stress patterns have been reported in FE analyses of composite wheel covers and 
discs. The maximum stress remains well below the measured tensile strength of the jute–epoxy composite 
(25.97 MPa), indicating a comfortable safety margin for normal service loads. The corresponding displace
ment field reveals a maximum deflection of only 0.0584 mm, confirming the good global stiffness of the 
design and suggesting that no visible deformation or rattling is likely to occur in operation (Figure 9b).

For the centrifugal loading case at 2546 rpm, the stress pattern is similar, with peak Von Mises stresses of 
about 9.5 MPa again concentrated near the fixing regions and peripheral areas where the geometry changes 
(Figure 9c). The majority of the hubcap surface experiences low to moderate stress levels, indicating that the 
jute–epoxy laminate can withstand the inertial forces generated during wheel rotation without approaching 
its strength limit, in line with recent numerical investigations on rotating composite discs and natural-fiber 
wheels. The predicted displacements, ranging from 1.0 × 10− 3 mm to 3.14 × 10− 2 mm, remain very small 

Figure 9. Static loading: (a) Von Mises stress distribution; (b) resulting displacement field. Centrifugal loading: (c) Von Mises 
stress distribution; (d) resulting displacement field.
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compared with the overall dimensions of the part (Figure 9d). This confirms that the hubcap maintains its 
shape and clearance with surrounding components even at elevated rotational speeds.

The thermal loading scenario at 130°C is more severe. In this case, the Von Mises stress varies between 
17.3 kPa and 52.3 MPa, with the highest values occurring in the inner segments and geometrically complex 
regions where thermal expansion is constrained (Figure 10a). The maximum stress slightly exceeds the 
room-temperature tensile strength measured on the jute–epoxy plates, which suggests that the material 
could locally reach or surpass its elastic limit at such temperatures, especially if the epoxy matrix approaches 
its glass transition region. The maximum displacement, about 0.138 mm, remains moderate but higher than 
in the mechanical cases, reflecting the combined effect of thermal expansion and stiffness reduction 
(Figure 10b), a behavior also observed in other thermoset-based biocomposites exposed to elevated 
temperatures.

These results indicate that, while the hubcap behaves satisfactorily under static and centrifugal mechan
ical loads, its long-term integrity at high temperatures is more critical and depends on the actual service 
temperature range, exposure duration and potential thermo-oxidative aging of the matrix.

To facilitate comparison between load cases, Table 1 summarizes the maximum Von Mises stress and 
displacement together with the corresponding safety factors with respect to the measured tensile strength of 
the jute–epoxy composite.
where σu = 25.97 MPa is the ultimate tensile strength of the jute–epoxy laminate measured in Governing 
equations.

Light-weighting and application potential

The manufactured jute–epoxy hubcap has a measured mass of 239 g for a diameter of 380 mm, which is 
significantly lower than the typical mass range reported for commercial plastic hubcaps of similar size, 
generally between 350 and 450 g, depending on design and material (ABS or PP-GF). This corresponds to 
an estimated weight reduction of approximately 30–40% per wheel. This reduction is mainly attributed to 

Figure 10. Thermal loading (130 °C): (a) Von Mises stress distribution; (b) resulting displacement field.

Table 1. Summary of FE results and safety factors for the jute–epoxy hubcap.
Loading case σmax (MPa) σmax /σu Tensile Safety factor (≈σu / σmax ) umax (mm)

Static mechanical load 8.0 0.31 ≈3.2 0.0584
Centrifugal load (2546 rpm) 9.5 0.37 ≈2.7 0.0314
Thermal load (130°C, uniform) 52.3 2.0 <1 0.138
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the relatively low density of jute fibers (≈1.3–1.5 g/cm3) compared to conventional reinforcements such as 
glass fibers, as well as to the efficient material distribution achieved through the optimized geometry of the 
hubcap. Although the hubcap itself is not a major contributor to the total vehicle mass, such reductions, 
when combined with other lightweight components, can contribute to lower fuel or energy consumption 
and reduced CO2 emissions over the vehicle lifetime, as highlighted in life-cycle assessment studies (Klippel  
1998, Ullah, Akhter et al. 2025; Volpe and Pantani 2025).

From a functional point of view, the combination of mechanical test data and finite element (FE) 
simulations shows that the jute–epoxy hubcap can meet the basic structural requirements for a non- 
structural exterior automotive component. Under typical mechanical loading conditions, the maximum 
stresses remain well below the tensile strength of the material, while the predicted displacements are very 
small, indicating good stiffness and dimensional stability. In addition, the hubcap maintains its structural 
integrity under rotational conditions, confirming its ability to withstand centrifugal effects during service 
(Mache, Deb, and Gunti 2024; Ullah, Akhter et al. 2025). The main limitation highlighted by the simulations 
is the sensitivity to high thermal loads. Under elevated temperature conditions (130 °C), the induced stresses 
may approach or exceed the material strength, which can be associated with the thermo-mechanical 
limitations of the epoxy matrix, particularly near its glass transition temperature. This suggests that careful 
selection of the epoxy system, along with possible design adaptations or thermal protection strategies, is 
required if the component is exposed to prolonged high-temperature environments, such as those encoun
tered near braking systems.

Nevertheless, the results confirm that jute–epoxy biocomposites are viable candidates for lightweight and 
environmentally friendly wheel-cover applications. They provide a good compromise between mass 
reduction, mechanical performance, and sustainability. These findings also motivate further work on 
thermal optimization, durability, and long-term behavior under realistic service conditions, in order to 
fully exploit the potential of natural fiber composites in automotive applications.

Limitations and perspectives

The present study is limited to quasi-static loading conditions and to a single composite configuration 
consisting of two woven jute plies embedded in an epoxy matrix with a fixed fiber volume fraction. While 
this approach provides a first-order assessment of the structural feasibility of the proposed hubcap, it does 
not fully capture the complexity of real service conditions.

In particular, several important aspects were not addressed and require further investigation. These 
include impact behavior, such as resistance to stone-chip damage, which is critical for exterior automotive 
components, as well as fatigue performance under cyclic loading, including repeated bending and centri
fugal effects associated with long-term vehicle operation. Additionally, environmental aging phenomena, 
such as moisture absorption and ultraviolet (UV) exposure, may significantly affect the mechanical proper
ties and durability of natural fiber composites and should be considered in future studies.

From a numerical standpoint, the finite element model relies on an equivalent homogeneous material 
assumption, which does not account for the inherently orthotropic behavior of woven jute laminates. 
Moreover, the model does not consider the presence of manufacturing-induced defects, such as voids, fiber 
misalignment, or local variations in fiber volume fraction, all of which may influence stress distribution, 
damage initiation, and failure mechanisms in service.

Future work will therefore focus on developing more advanced numerical models incorporating ortho
tropic material behavior and layered composite formulations, as well as progressive damage and failure 
criteria. In parallel, further experimental investigations will be conducted to evaluate impact resistance, 
fatigue life, and long-term durability under combined mechanical, thermal, and environmental loading 
representative of real driving conditions. These developments are essential to provide a more comprehen
sive assessment of the performance and reliability of jute–epoxy biocomposites in automotive applications.

Conclusion

This study demonstrated the feasibility of designing, simulating, and manufacturing an automotive hubcap 
using a woven jute-fabric-reinforced epoxy biocomposite. The composite exhibited a tensile strength of 
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25.97 MPa, a tensile modulus of 2.47 GPa, and a flexural strength of 69.41 MPa, confirming its suitability for 
semi-structural applications. Finite element analyses showed maximum Von Mises stresses of 8.0 MPa 
under static loading and 9.5 MPa under centrifugal loading (2546 rpm), with corresponding displacements 
of 0.058 mm and 0.031 mm, ensuring safety factors above 2.7. Under thermal loading at 130°C, stresses 
reached 52.3 MPa with a displacement of 0.138 mm, identifying temperature as the most critical condition.

The compression-molding process enabled the fabrication of a lightweight prototype with a mass of 239  
g, achieving an estimated weight reduction of 30–40% compared to conventional hubcaps. These results 
confirm that jute–epoxy biocomposites are promising candidates for non-structural automotive compo
nents. Future work will focus on thermal optimization, impact and fatigue behavior, and long-term 
durability under realistic service conditions.
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Highlights

• Jute–epoxy biocomposite hubcap developed as a lightweight, eco-friendly alternative.
• FE simulations confirm structural integrity under static, centrifugal, and thermal loads.
• Compression molding using a silicone mold ensures controlled fabrication.
• Mechanical tests validate material properties and load-bearing capacity.
• Low deformation observed; thermal loading (130 °C) is the critical condition.
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