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Abstract
This study investigates the optimisation of an automotive roll cage to reduce structural mass while preserving torsional stiffness relative to a baseline design constructed from 50 mm diameter, 2 mm thick mild‑steel tubing. A finite element model provided as a Nastran deck was imported into Design Studio, where tube diameters and wall thicknesses were treated as design variables and a displacement constraint was imposed at a critical node to represent the torsional stiffness requirement. A first optimisation using continuous independent variables reduced the mass‑related objective from 92.51 to 52.35 over six design cycles, corresponding to a reduction of approximately 43%, while satisfying the displacement constraint after the initial iteration. A second optimisation employed discrete design variables drawn from commercially available tube sizes, yielding a final objective of 56.25 with zero constraint violation over 29 cycles. Although the discrete solution is only about 7% heavier than the continuous optimum, it achieves comparable stiffness performance while using a limited set of catalogue diameters and thicknesses, thereby enhancing manufacturability and alignment with roll‑cage tubing standards. The results demonstrate that simulation‑driven sizing optimisation can deliver substantial lightweighting benefits and that incorporating discrete, production‑feasible variables provides a practical balance between structural efficiency and real‑world implementation.
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[bookmark: _Toc230469559]1. Introduction 
[bookmark: _Toc230469560]1.1 Background to Study 
Automotive roll cages are critical structural components designed to ensure passenger survival during rollover events, high‑energy impacts, and chassis deformation. Their performance is governed primarily by global stiffness, load‑path continuity, and the geometric configuration of tubular members. In recent years, "lightweighting" has emerged as a significant design imperative, with manufacturers progressively employing modern materials and optimization methodologies to diminish vehicle weight while maintaining structural integrity and safety(Zhang and Xu, 2022).
The roll cage, or safety cage, is a crucial structural component in performance and competition vehicles, comprising a tubular space frame that safeguards occupants during collisions and rollover incidents while also enhancing overall torsional stiffness. A torsional rigid chassis enhances handling stability and enables suspension components to function efficiently, leading designers to aim for specified torsional stiffness metrics throughout the development of new frames. The roll cage is fabricated from steel tubing and constitutes a significant amount of the vehicle's weight, indicating that even few reductions in mass can result in substantial gains in performance and efficiency(Pu et al., 2018).
Finite element analysis (FEA) has emerged as the conventional instrument for predicting loads, deformations, and stiffness in roll cages and tubular space frames prior to fabrication, enabling engineers to virtually improve designs. Through the modification of tube diameters, wall thicknesses, and configurations inside a finite element analysis (FEA) framework, designers can investigate the trade-offs among strength, stiffness, and mass, while increasingly employing formal optimization techniques to identify lighter designs that meet safety and stiffness criteria(Gautam et al., 2020).


[bookmark: _Toc230469561]1.2 Aim and Objectives
The main goal of this project is to optimise the specified vehicle roll cage shown in Figure 1 to achieve an equivalent torsional stiffness to a reference design, consisting of tubes measuring 50 mm in diameter and 2 mm in thickness and constructed from mild steel, while simultaneously decreasing the overall mass of the structure.
[image: ]
[bookmark: _Ref230115298][bookmark: _Toc230469472]Figure 1. Given Roll cage for optimisation.
To achieve this aim, the project pursues the following specific objectives:
· To critically evaluate the optimisation tools and strategies available in finite element analysis (FEA) packages using secondary research.
· To apply an optimisation procedure to the supplied Nastran roll cage model and load case by varying tube diameters and wall thicknesses, subject to an equivalent torsional stiffness constraint.
· To compare the structural performance and mass of the optimized roll cage against the baseline reference design.
· To assess the manufacturability of the optimised roll cage and suggest appropriate manufacturing approaches.
[bookmark: _Toc230469562]2. Literature Review: Optimization and Roll Cage Design
[bookmark: _Toc230469563]2.1 Finite element analysis in structural design
Finite element analysis (FEA) is a numerical technique used to predict how structures respond to loads, constraints, and environmental effects by discretising the geometry into a mesh of small elements connected at nodes. Each element has defined material properties and stiffness, and the assembled global system of equations allows engineers to estimate displacements, stresses and strains under specified boundary conditions, even for complex geometries that are difficult or impossible to treat analytically(Lurie et al., 2025).
In structural design, FEA is widely used to verify that components meet strength and stiffness requirements, to identify critical stress concentrations, and to support design optimisation by relating changes in geometry or material to changes in performance. For automotive frames and chassis structures in particular, validated FEA models enable designers to assess bending and torsional stiffness, compare alternative layouts or cross‑sections, and refine the structure to reduce mass while keeping stresses and deflections within allowable limits before committing to physical prototypes(Widiyanto et al., 2021).
FEA is especially helpful in this study because it makes the design process more effective and economical. Additionally, FEA can help identify potential failure points and optimise the existing roll cage.
[bookmark: _Toc230469564]2.2 Optimization in FEA packages
Modern FEA packages include built‑in optimisation modules that automate the search for a structural design which best satisfies an objective, such as minimum weight, subject to constraints on stresses, displacements or stiffness. The Design Studio offers a graphical interface for importing or constructing roll cage geometry, assigning material properties, defining beam cross-sections, and applying boundary conditions and torsional loads, while Nastran executes the numerical solution of the structural response(Zamzam et al., 2025).
In a Nastran-based workflow, essential design variables, including beam section dimensions and wall thicknesses, can be parameterised and associated with "design variables" cards, enabling the solver to automatically update these characteristics throughout optimisation iterations. Objective functions and constraints are then defined in the Nastran deck, and gradient‑based optimisation algorithms call repeated FEA runs to move the design towards an improved configuration. In the context of this roll cage, Design Studio is therefore used to manage the model setup and interpretation of results, while Nastran’s optimisation capabilities are used to adjust tube diameters and thicknesses systematically to reduce mass under a torsional stiffness constraint(Omidiji et al., 2024).
[bookmark: _Toc230469565]2.3 Types, strengths, and limitations of FEA-based optimization
FEA-based structural optimisation encompasses three main categories: sizing, shape, and topology optimisation showed in Figure 2. Sizing optimisation fine-tunes the dimensions of structural members to reduce weight or stresses without altering the overall layout. Shape optimisation adjusts geometry to enhance stiffness and alleviate stress concentrations by repositioning nodes or surfaces. Topology optimisation focuses on material distribution within a design space, eliminating inefficient areas to achieve significant weight reduction and high stiffness, although it often results in complex geometries that necessitate additional CAD reconstruction for manufacturing(Jankowski et al., 2025).
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[bookmark: _Ref230448482][bookmark: _Toc230469473][bookmark: _Ref230448473]Figure 2. Example of Size, shape, and topology optimization(Haertel, 2017).
The strengths of FEA-based optimisation include systematic mass reduction, improved stiffness, and stress concentration avoidance while meeting multiple constraints, which aids early efficient design with fewer prototypes. In lightweight automotive structures, it can achieve significant weight savings while enhancing structural performance, supporting fuel economy and dynamic handling. However, limitations include sensitivity to load cases and boundary conditions, reliance on precise material models and mesh quality, and possible convergence to local optima. Additionally, manufacturing topology-optimised designs can be challenging due to conventional process limitations, often leading to a preference for sizing and modest shape optimisation within fixed layouts(Tang et al., 2024).
[bookmark: _Toc230469566]3. Methodology
[bookmark: _Toc230469567]3.1 Baseline roll cage model and material properties
The study begins with the Nastran deck file illustrated in Figure 3, which offers a finite element model of the automotive roll cage. This model outlines the roll cage geometry through structural members aligned with tube centrelines, and nodes are positioned at intersections and joints to illustrate the space-frame layout and load paths. The initial design assumes tubes with an outer diameter of 50 mm and a wall thickness of 2 mm, establishing a target stiffness condition that the optimised design must achieve under torsion.
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[bookmark: _Ref230323896][bookmark: _Toc230469474]Figure 3. Provided Nastran Deck file.
The structure is modelled using linear elastic material behaviour appropriate for small‑deflection stiffness analysis, with the roll cage tubes assigned properties representative of mild steel commonly used in automotive frames. These properties are used consistently throughout the baseline analysis and subsequent optimisation so that any changes in structural response can be attributed to modifications of tube geometry rather than changes in material. Figure 4 shows the properties of mild steel inside the material tab of design studio software.
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[bookmark: _Ref230324055][bookmark: _Toc230469475]Figure 4. Material data in Design Studio.


[bookmark: _Toc230469568]3.2 Optimisation workflow
[bookmark: _Toc230469569]3.2.1 Design objectives
The optimisation study aimed to minimise the roll cage's total mass while maintaining its structural stiffness under torsional loading. In Design Studio, design objectives were implemented as a mass minimisation problem, as illustrated in the Figure 5.
[image: ]
[bookmark: _Ref230324852][bookmark: _Toc230469476]Figure 5. Setting up Objective in Design Studio.


[bookmark: _Toc230469570]3.2.2 Design constraints 
An upper displacement bound of 17.6 mm was assigned, as shown in Figure 6. This constraint was used as a practical way of controlling torsional flexibility and maintaining the stiffness performance of the roll cage relative to the baseline design.
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[bookmark: _Ref230451950][bookmark: _Toc230469477]Figure 6. Setting displacement constraints on Design Studio.
[image: ]
[bookmark: _Ref230455293][bookmark: _Toc230469478]Figure 7. Setting up constraints on grid "132" with respect to load case 50.
Figure 7Figure 7 indicates the displacement magnitude at grid point ”132”, used as the constraint corresponding to load case 50.
[bookmark: _Toc230469571]3.2.3 Design variables
The design variables were defined as independent geometric variables associated with the tube cross-sections of the roll cage. The thickness variables were assigned an initial value of 2 mm with lower and upper bounds of 1 mm and 3 mm shown in Figure 8. 
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[bookmark: _Ref230456494][bookmark: _Toc230469479]Figure 8. Setting up independent Thickness variable.
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[bookmark: _Ref230456504][bookmark: _Toc230469480]Figure 9. Setting up independent Diameter variable.
Respectively, the diameter variables were assigned an initial value of 50mm with bounds of 40mm and 60mm, as shown in Figure 9. These ranges allowed the optimiser to vary tube sizes within realistic limits while retaining the original roll cage topology and member arrangement defined in the supplied Nastran model.


[image: ]
[bookmark: _Ref230457139][bookmark: _Toc230469481]Figure 10. Thickness and Diameter variable for 25 tubes.
Figure 10 depicts the thickness and diameter variables being multiplied 25 times to be assigned to each tube in the simulation model.


[bookmark: _Toc230469572]3.2.4 Design Sizing
Figure 11 shows the implementation of each independent variable to each tube. The hammer sign indicates the variables are defined for this specific tube.
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[bookmark: _Ref230457898][bookmark: _Toc230469482]Figure 11. Assigned variables to each tube.


[bookmark: _Toc230469573]4. Results
[bookmark: _Toc230469574]4.1 Optimization outcomes
The optimisation achieved successful convergence after six design cycles, resulting in a lighter roll cage while complying with the displacement constraint. The initial objective value decreased from 92.51 to 52.35, as shown in Figure 12, representing a weight reduction of approximately 43.4% relative to the initial design, indicating significant weight savings within the permitted design parameters.
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[bookmark: _Ref230459987][bookmark: _Toc230469483]Figure 12. Optimisation result showing the weight reduction in initial and final cycle.


Figure 13 shows the objective value falls sharply from about 222 at design cycle 0 to around 139 at cycle 1, then decreases gradually to approximately 135 by cycle 6, showing rapid early mass reduction followed by smaller refinements as the optimisation converges.


[image: ]
[bookmark: _Ref230460136][bookmark: _Toc230469484]Figure 13. Objective curve for 6 design cycle.

The thickness variables tend to align with the lower design bound, revealing that many members did not need the original 2 mm wall thickness to meet the displacement constraint. Figure 14 shows that most of the variables converged near 1.0 mm, while a few retained higher thicknesses. The final thickness measurements highlight T5 (1.9535 mm), T7 (1.9266 mm), T14 (1.2273 mm), and T17 (1.2657 mm), indicating their significant role in stiffness response to prevent aggressive reduction.
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[bookmark: _Ref230462616][bookmark: _Toc230469485]Figure 14. Thickness curve throughout the iteration.
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[bookmark: _Toc230469486]Figure 15. Diameter curve throughout the iteration for independent variables.
The diameter variables exhibited a mixed pattern, with some reducing below 50 mm while others increased. The smallest final diameters were D2 = 45.42 mm, D8 = 46.04 mm, D11 = 45.62 mm, and D16 = 47.38 mm, while the largest were D4 = 59.98 mm, D5 = 59.94 mm, D13 = 58.91 mm, and D14 = 59.97 mm. 

The optimisation results demonstrate that the baseline roll cage was structurally conservative, permitting significant reductions in member thickness while meeting displacement constraints. However, some members required larger diameters and increased thickness, indicating that stiffness varied with specific load paths rather than evenly across all tubes. This highlights the need for further analysis regarding the engineering significance and manufacturing implications.



[bookmark: _Toc230469575]5. Manufacturing and Practical Considerations
[bookmark: _Toc230469576]5.1 Manufacturing and practical feasibility
[bookmark: _Toc230469577]5.1.1 Analysis with real dimensions
The optimised results indicate a substantial decrease in weight. However, additional study is conducted with manufacturing in consideration. Where discrete variables are utilised in place of independent variables to fulfil the design cycle. The tube dimension data is sourced from the website "The Metal Store".

Figure 16 displays all the discrete diameters as 40.0, 42.4, 43.0, 48.3, 50.0, 50.8, 54.0, and 60.0, and the discrete wall thicknesses as 1.0, 1.5, 2.0, and 3.0.
[image: ]
[bookmark: _Ref230469342][bookmark: _Toc230469487]Figure 16. Implementation of realistic tube dimension for manufacturing purpose.


[bookmark: _Toc230469578]5.1.2 Simulation result for discrete dimension
Figure 17 and Figure 18 illustrate how the discrete tube diameters and thicknesses evolve in parallel, with many variables moving quickly to their lower bounds while others step between a small set of catalogue values. This coordinated behaviour links the objective reduction directly to adopting manufacturable standard tube sizes.
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[bookmark: _Ref230467043][bookmark: _Toc230469488]Figure 17. Thickness curve for discrete variables.
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[bookmark: _Ref230467047][bookmark: _Toc230469489]Figure 18. Diameter Curve for Discrete variables.
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[bookmark: _Ref230466799][bookmark: _Toc230469490]Figure 19. objective curve for discrete variables.
In Figure 19, the design‑cycle history shows the objective reducing from 92.51 to 56.25 throughout the 29 cycles. The maximum constraint violation falls from 0.1% to 0% as showed in Figure 20, confirming that the discrete design meets the stiffness requirement.
[image: ]
[bookmark: _Ref230466849][bookmark: _Toc230469491]Figure 20. Weight reduction for discrete variable analysis.

[bookmark: _Toc230469579]5.2 Comparison of results
Comparing the two optimisation strategies, the discrete solution is only modestly heavier than the fully continuous optimum: the final discrete objective of 56.25 is about 7% higher than the independent‑variable value of 52.35. Given that both designs meet the same stiffness constraint, this is a relatively small penalty in mass in exchange for a design that uses a limited set of repeatable tube diameters and thicknesses, which simplifies procurement, fabrication and inspection in practice. On this basis, the discrete optimisation result can be argued to be the preferred engineering solution because it balances structural efficiency with manufacturability and would be more straightforward to implement in a real roll cage production environment.
[bookmark: _Toc230469580]6. Critical analysis of this study
This study demonstrates that both independent and discrete design‑variable formulations can deliver substantial reductions in a mass‑related objective while maintaining the required torsional stiffness for the roll cage. The independent‑variable optimisation achieved the lowest objective but produced a highly non‑uniform set of tube sizes that would be difficult and costly to manufacture using standard stock, whereas the discrete formulation sacrificed only a small amount of performance to obtain a design based on realistic catalogue dimensions. This trade‑off between mathematical optimality and manufacturability is a key strength of the work, as it reflects real engineering decision‑making rather than purely numerical optimisation.
However, the analysis is subject to several limitations. The FEA model is linear, uses a single torsional load case, and idealises joints and welds, so it does not capture local plasticity, fabrication tolerances or multi‑axis crash loading conditions that real roll cages experience. Only stiffness is constrained explicitly; stress margins, fatigue and buckling safety factors are inferred rather than rigorously checked, leaving residual uncertainty in extreme impact scenarios. Finally, material and boundary‑condition assumptions are taken directly from the assignment brief, so further validation against experimental data or higher‑fidelity models would be needed before adopting the optimised design in a real vehicle (Plevris, Georgioudakis and Kioumarsi, 2025)

[bookmark: _Toc230469581]7. Summary of key findings 
The study successfully optimised a baseline mild‑steel roll cage, originally modelled with uniform 50 mm diameter, 2 mm thick tubes, to reduce a mass‑related objective while preserving torsional stiffness. Using continuous independent design variables for tube diameter and thickness, the objective decreased from 92.51 to 52.35 over five design cycles, a reduction of approximately 43%, with zero constraint violation after the first iteration, demonstrating that significant lightweighting is achievable without compromising the prescribed displacement‑based stiffness requirement.
A second optimisation with discrete design variables restricted tube sizes to a practical catalogue set, yielding a final objective of 56.25 and again maintaining zero constraint violation over 29 design cycles. Although this discrete solution is around 7% heavier than the continuous optimum, it achieves a similar stiffness performance while using a limited number of standard diameters and wall thicknesses, thereby improving manufacturability, cost effectiveness and conformity with typical roll‑cage tubing specifications. 
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