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[bookmark: _Toc197284943]Introduction

As sustainability becomes crucial in materials engineering, the motorsport and automotive industries are shifting from traditional metals and synthetic composites toward environmentally friendly alternatives (Dingle, 2009). Composites remain key for their strength-to-weight benefits (Bailey, 2015), but their production and disposal carry significant environmental costs (Chua, 2015). Figure 1, based on Granta Edupak (2022), highlights carbon fibre’s high water, energy useand CO₂ emissions during manufacturing.
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AI-generated content may be incorrect.]Figure 1. Manufacturing data for Carbon Fibre


This report examines the performance and sustainability of various composite materials for automotive and motorsport applications. Through literature review, testing, and analysis, it evaluates traditional and emerging composites based on performance, lifecycle emissions, recyclability, and future compliance. The aim is to offer evidence-based recommendations to advance sustainable engineering in high-performance sectors.
[bookmark: _Toc197284944]Methodology

The experimental methodology involved tensile testing of various composite materials to evaluate their mechanical performance and sustainability in comparison to the baseline material, aluminium. Testing was carried out in an engineering science lab using the Denison Tensile/Compression testing machine. The materials tested included traditional and natural fibre composites produced via a resin infusion process, with mesh grips added for secure clamping. The materials being tested include:
· Baseline – Aluminium. 
· Twill materials with Bio Resin – Kevlar, Flax and Carbon.
· Twill materials with Traditional Resin – Carbon.
· Non-woven materials with Bio Resin – Flax, Hemp and Carbon.

Twill composites (Kevlar, Flax, Carbon) were reinforced with traditional or bio-epoxy resins and layered at 45° to achieve quasi-isotropic properties—uniform in-plane behaviour (Deng, 2004). Non-woven Flax, Hemp, and Carbon variants were also tested with bio-epoxy. Each material underwent two tensile tests, totalling 14 tests per material. Width and depth were measured beforehand to calculate cross-sectional areas for stress analysis.
Area = Width × Depth
Dog bone-shaped samples were fixed into the tensile testing machine to minimise stress at the grips and promote failure in the gauge length for accurate mechanical assessment (Klemensø, 2007). After deformation, the machine stopped and loading and displacement data were exported.
The analysis evaluates loads and compares performance across twill and non-woven structures, bio-epoxy and traditional resins, and natural and synthetic fibres. Sample behaviour, including defects and failure modes, is also recorded to support the evaluation.
[bookmark: _Toc197284945]Literature Review

Composite materials have become essential in the automotive and motorsport industries due to their high strength-to-weight ratios, excellent stiffness, and fatigue resistance (Caliskan, 2002). Traditional composites such as carbon fibre reinforced polymers and Kevlar have been widely adopted in structural components, body panels, and aerodynamic parts, where weight reduction directly translates to performance and efficiency gains. However, the environmental impact of producing these synthetic composites—particularly their energy-intensive manufacturing processes and poor recyclability—has prompted research into more sustainable alternatives. Natural fibre composites, including those reinforced with flax, hemp, and jute, are gaining attention for their biodegradability, lower embodied energy, and potential for renewable sourcing. While these materials typically offer lower mechanical performance compared to carbon fibre, advancements in fibre treatment, hybrid layups, and bio-based resin systems are helping to close the performance gap. Recent studies have also explored the full lifecycle assessment of composite materials, evaluating factors such as carbon emissions, end-of-life recyclability, and compliance with evolving environmental regulations. Despite growing interest, gaps remain in understanding the long-term durability, moisture resistance, and high-temperature performance of natural fibre composites, especially under the demanding conditions typical of motorsport environments. This highlights a need for further experimental research and development to optimise their use in high-performance applications while meeting sustainability goals.

[bookmark: _Toc197284946]Results

[bookmark: _Toc197284947]Maximum Loading
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The graph above provides a direct comparison of each material's mechanical efficiency by displaying both the maximum load it could withstand and the maximum displacement it experienced. Notably, Epoxy Carbon Woven and Bio Carbon Woven stand out by achieving some of the highest maximum loads (around 5.6 N) while maintaining relatively moderate displacement values, indicating strong and stable structural performance. In contrast, Bio Hemp Non-Woven and Bio Flax Non-Woven show significantly lower load-bearing capacity with higher displacement, suggesting greater ductility but lower stiffness. Aluminium, used as the baseline, sits in the middle of the spectrum with balanced but unexceptional load and displacement values. These trends underline the trade-offs between strength and deformation in different materials and highlight how bio-composites, while more sustainable, may require performance compromises compared to high-end synthetics.

[bookmark: _Toc197284948]Loading Comparison 
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The Material Load Comparison graph demonstrates how each material reacts to increasing load over time. Bio Hemp Non-Woven and Bio Carbon Non-Woven exhibit more gradual load responses, suggesting that these bio-composites experience slower initial stiffening. In contrast, materials like Epoxy Carbon Woven and Bio Flax Non-Woven show sharper increases in load, indicating more immediate resistance to deformation. Aluminium, being less stiff, begins to deform earlier, showing a slower initial increase in load. These results indicate the varying stress-strain characteristics of the materials, with synthetic composites generally offering higher initial resistance to load.

[bookmark: _Toc197284949]Displacement Comparison
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The Material Displacement Comparison graph highlights the displacement response of various materials under tensile load. Aluminium, which shows a relatively steady increase in displacement over time, is surpassed by the bio-based composites, particularly Bio Hemp Non-Woven and Bio Carbon Non-Woven, which exhibit a more rapid increase in displacement, indicating greater elongation under stress. The Epoxy Carbon Woven and Kevlar Woven materials show more controlled displacement rates, suggesting better resistance to deformation, which aligns with their higher mechanical strength in comparison to the natural fibre composites.



[bookmark: _Toc197284950]Woven vs Non-woven

 [image: A graph with a line and a line

AI-generated content may be incorrect.]Figure 5. Woven vs non-woven


The first graph comparing Bio Flax Woven vs. Bio Flax Non-Woven Load clearly shows that the woven variant outperforms the non-woven form in terms of load-bearing capacity. Bio Flax Woven reaches a maximum load of around 2.4 N, while the non-woven equivalent peaks just below 1 N. This suggests that the woven fibre structure contributes to better load distribution and structural integrity, making it more suitable for applications requiring moderate strength and flexibility. The performance gap also implies that fibre orientation and bonding play a critical role in mechanical performance.
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In the second graph, which compares Bio Carbon Woven vs. Bio Carbon Non-Woven, the performance difference is less pronounced, but the non-woven variant still maintains a slight edge in maximum load, peaking at just over 5.6 N compared to around 5 N for the woven. This narrower gap may reflect the higher strength of carbon fibre, which compensates for the structural drawbacks of the woven format. Nonetheless, the non-woven Bio Carbon still demonstrates more reliable structural performance, reinforcing the value of controlled fibre alignment and interlocking in composite design for motorsport or automotive use.

[bookmark: _Toc197284951]Bio vs Epoxy resin
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The comparison between Bio Carbon Woven and Epoxy Carbon Woven shows that while both materials follow a similar loading trend, Epoxy Carbon Woven consistently achieves a slightly higher maximum load. The steeper slope of the Epoxy Carbon Woven curve indicates greater stiffness and faster load-bearing capacity, which is critical in high-performance applications. However, the close proximity of the two curves suggests that bio-resin composites are approaching the performance levels of traditional epoxy systems, supporting the potential for more sustainable alternatives without major compromises in mechanical strength.


[bookmark: _Toc197284952]Results Validation
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The Researched Materials UTS (Ultimate Tensile Strength) graph presents a broad comparison of upper and lower strength limits from secondary sources for all materials tested. It shows that synthetic composites, particularly Kevlar and Epoxy Carbon Woven, possess significantly higher tensile strength ranges compared to natural fibre composites like Bio Flax and Bio Hemp. The wide gap in UTS between carbon-based and natural materials suggests that while sustainable composites offer environmental advantages, they currently do not match the peak mechanical performance of traditional composites, particularly for load-critical motorsport applications.

[image: A graph of different colored bars
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The Experimental Materials UTS graph displays the ultimate tensile strength values obtained from laboratory testing. Here, the experimental results reflect a similar trend to the researched data but at generally lower absolute values, likely due to testing conditions, manufacturing variances, or material inconsistencies. Bio Carbon Woven again demonstrates strong performance, closely trailing Epoxy Carbon Woven, while sustainable options like Bio Flax Woven and Bio Hemp Non-Woven show substantially lower UTS values. This experimental validation supports the earlier analysis, confirming that while bio-composites are promising, they require further optimisation to fully meet the demands of high-stress environments.

[bookmark: _Toc197284953]Analysis

This analysis evaluates the mechanical performance of different composite materials, comparing natural fibre and synthetic options. It focuses on how fibre structure and resin type affect strength and assesses the potential of sustainable composites for high-performance applications.

[bookmark: _Toc197284954]Max Loading and Displacement

Synthetic composites exhibit superior mechanical performance in terms of maximum load when compared to natural fibre alternatives (Begum, 2020). Epoxy Carbon Woven recorded the highest maximum load of 5.6 N, followed closely by Bio Carbon Woven and Kevlar Woven, which reached 5.3 N and 5.3 N respectively. In contrast, Bio Flax Non-Woven and Bio Hemp Non-Woven recorded significantly lower maximum loads of 2.975 N and 0.977 N, respective. This data indicates that traditional synthetic composites such as carbon fibre reinforced polymers continue to offer higher structural strength under tensile load, which is critical in motorsport applications where materials are exposed to intense dynamic stresses (Feih, 2012; Wood, 2011). However, the performance of Bio Carbon Woven, which achieved comparable strength to synthetics, demonstrates potential for more sustainable alternatives that do not significantly compromise mechanical integrity (Rodríguez-García, 2021).

Natural fibre composites vary considerably in performance depending on the fibre type and form (Pickering, 2016). Bio Carbon Woven performed considerably better (5.315 N) than Bio Carbon Non-Woven (3.492 N), and a similar trend was seen with flax composites — Bio Flax Woven achieved 3.5 N while Bio Flax Non-Woven reached only 2.975 N. This highlights the importance of fibre architecture in determining material strength (Lau, 2018). Woven structures offer better load distribution and inter-fibre bonding, resulting in greater tensile strength (Chowdhury, 2024). Non-woven forms, while potentially easier and cheaper to manufacture, generally perform poorly in high-stress environments and may be better suited for secondary structural or interior components in automotive applications (Das, 2018).

Aluminium, the baseline material, offers lower maximum load capacity compared to most composite alternatives tested (Bhatt, 2017). The aluminium sample achieved a maximum load of 3.492 N, which was outperformed by all woven composite types tested, including natural fibres like Bio Flax and Bio Carbon. This supports the shift toward composite materials in high-performance engineering sectors (National Research Council, 2005). While aluminium has historically been favoured for its light weight and ease of fabrication, composites not only match but often exceed its mechanical capabilities while offering added benefits in design flexibility and, in the case of bio-composites, environmental sustainability (Humphreys, 2003).

Bio-based composites are approaching competitiveness with synthetics but currently require further development to fully match high-performance requirements (Drzal, 2001). Although Bio Carbon Woven nears the performance of Epoxy Carbon Woven, materials like Bio Hemp Non-Woven (0.977 N) fall significantly short. This performance gap suggests that while some natural composites can rival synthetic materials, others remain limited by factors such as fibre quality, bonding strength, or manufacturing consistency. Continued research into fibre treatments, hybrid layups, and bio-resin optimisation is necessary to enhance their viability for structural components in motorsport and automotive applications.

[bookmark: _Toc197284955]Load Comparison

Synthetic composites show significantly faster load accumulation compared to natural fibre composites (Salman, 2021). Epoxy Carbon Woven and Bio Carbon Woven achieve high load values of approximately 5–6 N within a relatively short time frame, while natural fibre composites such as Bio Flax Non-Woven only reach around 2–3 N much later in the test. This indicates that synthetic composites possess greater stiffness and immediate load-bearing capability, a critical requirement for motorsport and automotive applications where rapid force resistance is necessary to maintain structural integrity during high-speed events (Begum, 2020).

Natural fibre composites tend to exhibit a more gradual and steady loading curve (Gassan, 2002). Materials like Bio Hemp Non-Woven demonstrate a slow and continuous rise in load with no sharp increases, peaking at much lower forces compared to synthetic alternatives. The gradual load increase suggests a softer material response, allowing for more flexibility and energy absorption but at the cost of structural strength (Fan, 2024). This property could make them valuable in less critical, more sustainable vehicle components that prioritize environmental impact over mechanical performance.

Aluminium, while traditionally a structural material, is often less superior when compared to composites in load-bearing efficiency (Pedersen, 2011; Piggott, 2002). In the comparison graphs, aluminium shows a modest and steady load increase, reaching only around 3.5 N, which is notably lower than most carbon-based composites. This performance highlights why composite materials are becoming the preferred choice in motorsport and automotive design — offering not only weight savings but also superior mechanical properties (Wood, 2011). Composites, as shown, present a compelling alternative from both a performance and sustainability standpoint (Suárez, 2021).

[bookmark: _Toc197284956]Displacement Comparison

Natural fibre composites show significantly higher displacement under tensile loads than synthetic composites (Müssig, 2006). Bio Hemp Non-Woven and Bio Carbon Non-Woven demonstrate displacement values exceeding 3 mm, whereas Epoxy Carbon Woven and Kevlar Woven remain around or below 2 mm throughout testing. Higher displacement reflects lower stiffness and greater ductility, meaning these natural materials can stretch and deform more before failing (Lakes, 2001). While this flexibility could be advantageous for specific safety applications, it limits their effectiveness in rigid, load-critical structures like chassis or suspension components (Jiregna, 2020).

Synthetic composites maintain dimensional stability far better under load compared to natural fibre alternatives (Toki, 2003). The displacement curves for Epoxy Carbon Woven and Kevlar Woven show minimal deviation and a linear relationship with load, suggesting strong resistance to elongation even as forces increase. This stability is vital in high-performance motorsport applications, where maintaining precise shapes under stress can affect aerodynamic performance, safety, and handling (Chawla, 2012). Therefore, synthetic composites continue to dominate where rigidity and predictable behaviour are essential (Nemir, 2010).

Aluminium displays intermediate displacement behaviour between natural and synthetic composites (Tanner, 2003; Toki, 2003). The aluminium sample exhibits steady but notable displacement as the load increases, more pronounced than synthetic composites but less dramatic than natural fibres. This result suggests that while aluminium offers acceptable stiffness for many structural uses, composites — particularly synthetic ones — can now outperform it in both strength-to-weight ratio and resistance to deformation, reinforcing the shift toward advanced composite materials in sustainable automotive and motorsport engineering (Al-Shammari, 2018).

[bookmark: _Toc197284957]Woven vs Non-woven

Woven composites outperform non-woven composites in terms of maximum load capacity (Li, 2018). Bio Flax Woven reached a maximum load of approximately 2.4 N, whereas Bio Flax Non-Woven peaked just under 1 N. The superior performance of woven materials can be attributed to better fibre alignment and stronger inter-fibre bonding, enabling more efficient load transfer (Goutianos, 2007). This makes woven composites more suitable for applications requiring higher strength and durability, especially in primary automotive or motorsport components (Bailey, 2015).

The strength difference between woven and non-woven composites is less pronounced for carbon fibres than for natural fibres (Lee, 2008). Bio Carbon Woven and Bio Carbon Non-Woven achieved maximum loads of around 5.6 N and 5 N respectively, showing a narrower gap compared to flax composites. Carbon fibres inherently possess high er tensile strength and stiffness, meaning even when the fibre arrangement is less optimal (non-woven), the material still maintains high mechanical performance (Li, 2018). This suggests that material choice (carbon vs natural fibre) plays a significant role alongside architecture (woven vs non-woven).

Non-woven composites may offer advantages in terms of flexibility and manufacturing ease but at a performance cost (Chen, 2005). Both non-woven Bio Flax and Bio Carbon samples showed lower maximum loads and potentially greater displacement than their woven counterparts. Non-woven structures, while easier and cheaper to manufacture, sacrifice mechanical properties due to less ordered fibre alignment (Mijares, 2018). Their greater ductility might be advantageous for non-structural parts or applications needing energy absorption, but they are less suitable for load-bearing applications in motorsport environments (Ekoi, 2021).


[bookmark: _Toc197284958]Bio vs Epoxy resin

Composites using traditional epoxy resin generally achieve higher maximum loads than those using bio-resin systems (Kanchanomai, 2005). Epoxy Carbon Woven achieved a maximum load of 5.6 N compared to Bio Carbon Woven’s 5.3 N, despite both using similar fibre architectures.
This demonstrates that while bio-resins are progressing, traditional epoxy systems still provide superior bonding strength and mechanical properties (Nikafshar, 2017). The slight reduction in performance with bio-resins highlights the need for continued resin development to match the mechanical demands of motorsport-grade applications (German, 2022).

The performance gap between bio-resin and epoxy-resin composites is narrowing, particularly with high-performance fibres (Nikafshar, 2017). Despite using a bio-resin, Bio Carbon Woven achieved a load very close to that of its epoxy counterpart, indicating only a minor sacrifice in performance. This suggests that with strong fibres like carbon, the type of resin becomes less critical in determining peak mechanical strength (Nam, 2019). It reflects positively on the potential for adopting more sustainable bio-resins without drastically compromising structural integrity in high-performance settings.
[bookmark: _Hlk197029562]
Natural fibre composites show greater performance sensitivity to the type of resin used compared to synthetic fibre composites (Kumar, 2018). Bio Flax composites displayed more noticeable reductions in load-bearing capacity when using bio-resins compared to epoxy-resin carbon composites. Natural fibres may interact less efficiently with bio-resins, resulting in weaker matrix-fibre adhesion and reduced mechanical properties (Foruzanmehr, 2016). This indicates that successful sustainable composite designs must carefully consider both fibre and resin compatibility, especially for critical applications in automotive and motorsport industries (Wood, 2011).

[bookmark: _Toc197284959]Results Validation
[bookmark: _Hlk197028326]
Both the researched and experimental UTS graphs show a consistent trend where synthetic composites outperform natural fibre composites in tensile strength (Begum, 2020). In both graphs, Epoxy Carbon Woven and Kevlar display the highest tensile strengths, while sustainable materials like Bio Flax and Bio Hemp fall considerably lower in comparison. This consistency between external data and experimental results reinforces the reliability of the testing process and confirms that synthetic materials still dominate in terms of mechanical performance, particularly for load-critical applications (Rabianski, 2003).

The relative positioning of materials in both graphs is largely maintained, even though the absolute UTS values differ slightly. While experimental UTS values are generally lower than researched values, the ranking order—where carbon-based composites outperform flax and hemp-based ones—remains the same. This suggests that material behaviour trends are predictable and that the testing methodology used in the experiment effectively reflects real-world material performance, despite small discrepancies due to laboratory conditions, sample preparation, or processing variability.

The strong alignment between researched and experimental data highlights the emerging competitiveness of some sustainable composites, particularly bio-carbon variants. Bio Carbon Woven shows UTS values close to Epoxy Carbon Woven in both graphs, with only a small performance gap. This indicates that bio-composite technologies, especially those using high-performance fibres like carbon, are progressing toward matching traditional composites (Reddy, 2021). It supports the idea that bio-resin and natural fibre developments could soon offer viable sustainable alternatives without major performance compromises.

[bookmark: _Toc197284960]Evaluation of Sustainable Material Performance

Sustainable composites like woven flax, non-woven flax, and woven hemp showed lower mechanical performance than synthetic alternatives. Woven flax achieved moderate strength, outperforming non-woven flax, which suffered from poor fibre structure and load transfer. Woven hemp had the lowest load-bearing capacity, highlighting its tensile limitations. While synthetic composites reached peak loads of 5.3–5.6 N, natural fibres stayed below 3 N. Despite this, flax and hemp offer key sustainability benefits, making them better suited for secondary structures where environmental impact is prioritised over strength.
[bookmark: _Toc197284961]Analysis Sum-up

This study shows that epoxy-based carbon fibre still offers the highest mechanical performance, but sustainable alternatives like woven flax and hemp show growing potential with fibre optimisation. While natural composites are currently weaker, their environmental benefits make them ideal for less critical uses, and further development could expand their role in high-performance sectors like motorsport and automotive industries.
[bookmark: _Toc197284962]Conclusion

This study has shown that synthetic composites, particularly epoxy-based carbon fibre, continue to offer the highest mechanical performance. However, sustainable alternatives such as Woven Flax and Woven Hemp demonstrate growing potential, especially when fibre structure is optimised. Although natural fibre composites currently fall short in strength, they offer clear environmental advantages, making them suitable for less critical applications. With further development, sustainable composites could become increasingly viable for high-performance use in motorsport and automotive industries.
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