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Abstract 

Selecting an appropriate torsional stiffness requirement is essential for balancing structural rigidity and mass efficiency 

in Formula Student spaceframe chassis design. This study presents a suspension-informed framework for establishing 

a vehicle-specific torsional stiffness target and evaluating the structural performance of an AISI 4130 steel spaceframe 

using finite element analysis (FEA). A simplified equivalent-compliance model was developed using prescribed front 

and rear suspension roll stiffnesses of 133.07 and 221.37 Nm/deg, respectively. A parametric assessment of the 

equivalent chassis–suspension system established a nominal torsional stiffness target of 1600 Nm/deg based on 

diminishing returns, corresponding to 95.06% relative stiffness. An ANSYS Mechanical 2024 R1 beam-element 

model was employed to investigate torsional response, equivalent-static frontal, rear, and lateral loading, and free–

free modal characteristics. A six-level mesh-convergence assessment yielded a torsional stiffness of 1651 Nm/deg at 

the selected 1 mm element size, exceeding the target by 3.2% and achieving a relative stiffness of 95.21%, with less 

than 1% variation upon further refinement. Under calculated frontal and rear loading conditions, maximum 

deformations of 21.906 and 8.191 mm were obtained, with reported minimum nominal factors of safety of 1.299 and 

1.987, respectively. The lateral assessment produced a maximum deformation of 5.575 mm and a minimum nominal 

factor of safety of 1.837. Free–free modal analysis identified a first flexible natural frequency of 33.271 Hz. The 

results demonstrate the applicability of suspension-informed stiffness selection integrated with numerical structural 

assessment, while emphasizing the need for experimental validation and careful interpretation of equivalent-static 

loading assumptions. 
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1. Introduction 

Formula Student is an international engineering competition in which university teams design, manufacture, and 

evaluate single-seat racing vehicles under specified technical and safety requirements. The chassis serves as the 

primary structural framework, supporting the suspension, powertrain, steering system, and driver-protection structures. 

Its design must accommodate diverse loading conditions while maintaining adequate stiffness, structural integrity, and 

low mass. Tubular steel spaceframes remain widely adopted because of their manufacturing accessibility, structural 

adaptability, and ability to distribute loads through interconnected members. However, effective chassis development 

requires quantitative evaluation of torsional rigidity, deformation, load transmission, and vibration characteristics 

beyond compliance with geometric and material requirements [1, 2]. 

Torsional stiffness is particularly significant because it characterizes chassis resistance to relative angular displacement 

between the front and rear suspension mounting regions. During cornering and asymmetric wheel loading, chassis 

deformation introduces additional compliance that may influence suspension response and wheel-load distribution. 

Although vehicle dynamics calculations commonly assume a rigid chassis, this assumption becomes less accurate 

when structural compliance is appreciable relative to suspension compliance. Riley and George [1] investigated this 

relationship using an analytical spring representation supported by finite element modelling and physical testing, 

establishing the importance of relating chassis rigidity to suspension characteristics. Using a coupled chassis–

suspension finite element model of a Winston Cup race car, Thompson et al. [3] reported a 7.3% increase in effective 

front suspension roll stiffness when chassis torsional stiffness was increased by 130% relative to their baseline; further 
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stiffening produced little additional change. Deakin et al. [4] examined chassis rigidity through quasi-static 

calculations and dynamic vehicle simulations and showed that simplified stiffness-ratio relationships can be affected 

by suspension kinematics and the distribution of chassis flexibility. 

Increasing torsional stiffness generally reduces angular deformation under a specified moment; however, excessive 

reinforcement may increase structural mass and manufacturing complexity without proportional improvements in 

vehicle performance. Velie [5] investigated chassis rigidity requirements through steady-state and transient vehicle 

dynamics simulations, relating stiffness selection to handling-related performance. Similarly, Bortoluzzi et al. [6] 

employed analytical modelling, finite element analysis (FEA), and experimental testing to examine chassis elasticity 

and its influence on suspension behavior. These investigations demonstrated that stiffness requirements should reflect 

vehicle-specific suspension characteristics rather than arbitrary structural targets. da Costa and Vilela [7] calculated 

the torsional stiffness of a Formula SAE frame using beam-element FEA and compared its effect on the distribution 

of lateral load transfer with suspension roll-stiffness distribution. Their assessment considered the compatibility of 

chassis and suspension stiffness rather than establisihing a universal minimum torsional stiffness. 

Further studies have addressed the relationship between chassis stiffness, structural configuration, and mass 

optimization. Jain [8] investigated computational approaches for improving Formula SAE chassis torsional rigidity 

through FEA, incorporating static and modal assessments. Ferreira et al. [9] examined stiffness-based structural 

optimization, including a tubular spaceframe benchmark used in evaluating composite chassis alternatives. Wheatley 

et al. [10] employed ANSYS and SolidWorks to investigate chassis modifications, reporting approximately 10% 

greater torsional stiffness with a 3.5% reduction in structural mass. Collectively, these studies emphasize the 

importance of balancing rigidity with structural efficiency rather than maximizing stiffness independently. 

The numerical determination of torsional stiffness is influenced by structural representation, chassis triangulation, 

boundary conditions, and displacement measurement locations. Riley and George [1] examined alternative torsional 

loading configurations and their influence on calculated structural response. Krzikalla et al. [11] investigated Formula 

Student chassis torsional stiffness through numerical modelling and experimental testing, emphasizing the importance 

of consistent loading and restraint conditions. Gala et al. [12] combined an equivalent-stiffness model with numerical 

and experimental investigations and incorporated a mesh-convergence study to assess discretization sensitivity. Their 

findings highlight the importance of numerical verification and experimental correlation in obtaining reliable stiffness 

predictions. In a separate investigation, Krzikalla et al. [13] examined geometric and material simplifications in a 

beam-like frame model and reported simulation–test differences of up to 10% for their investigated configuration. 

Capata et al. [14] compared numerical and experimental torsional stiffness for Formula Student chassis and reduced 

the simulation–test discrepancy from 9.5% to 3.6% by better representing the physical test configuration. 

Additional investigations have examined torsional testing procedures and structural configurations. Eakambaram et 

al. [15] employed finite element modelling to investigate tubular spaceframe torsional behavior and proposed a testing 

arrangement intended to support experimental verification. Their approach considered suspension attachment 

conditions and the influence of suspension compliance on measured deformation. Wolska et al. [16] compared three 

Formula Student spaceframe configurations using ABAQUS and investigated differences associated with structural 

geometry and stiffness calculation procedures. These studies reinforce the need for clearly defined loading conditions, 

numerical discretization, and measurement methodologies when evaluating or comparing chassis torsional stiffness. 

Beyond torsional rigidity, Formula Student chassis structures must resist longitudinal and transverse loading. Frontal, 

rear, and lateral assessments are particularly relevant for identifying deformation patterns, critical members, and 

structural load paths. Wongchai [17] investigated frontal and lateral loading of Formula-type spaceframes using finite 

element models, demonstrating the influence of member arrangement on predicted stress and deformation. Rao et al. 

[18] similarly evaluated a Formula Student chassis under frontal, lateral, and torsional loading conditions, highlighting 

the importance of structural triangulation and efficient force transmission. More recently, Ali et al. [19] compared 

triangulated spaceframe configurations under multiple static loading scenarios, including frontal loading, lateral shear, 

and torsion. Their investigation demonstrated how structural arrangement influences calculated stiffness and stress 

distributions. Nevertheless, equivalent-static simulations cannot reproduce the transient contact forces, plastic 

deformation, energy absorption, or progressive failure associated with actual collisions. Their results must therefore 

be interpreted within the prescribed loading and material assumptions. Siegler et al. [20] used nonlinear LS-DYNA 

simulations to investigate frontal and lateral crashworthiness of a composite racing-car chassis. Saplinova et al. [21] 

reported numerical head-on and lateral impact assessments alongside torsional and structural analyses of a Formula 

Student tubular frame. Such collision-oriented analyses address different physical phenomena from a linear-elastic 

equivalent-static load case. 
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Dynamic characteristics provide another important dimension of chassis performance. During operation, the structure 

experiences time-dependent excitation from the powertrain, road irregularities, and suspension interactions. Modal 

analysis identifies natural frequencies and mode shapes, providing insight into structural vibration behavior and 

potential interactions with operating excitation frequencies. Kakria and Singh [2] integrated suspension modelling 

with static and modal finite element assessments of a Formula SAE structure, while Jain [8] incorporated modal 

analysis into chassis optimization. Rodrigues et al. [22] investigated the static and dynamic characteristics of a tubular 

sports-car chassis, reporting a torsional stiffness of 1639 Nm/deg and initial natural frequencies of 34.4 and 41.5 Hz. 

These studies support integrating static structural and modal analyses to evaluate complementary performance 

characteristics. However, identifying natural frequencies alone cannot establish resonance-free operation, as the 

response also depends on excitation harmonics, damping, and modal participation. Zainal et al. [23] identified natural 

frequencies and mode shapes of a racing-car chassis under approximately free–free conditions using experimental 

modal analysis and operational modal analysis, and compared the modal estimates obtained by different identification 

methods. 

Previous investigations have established methods for suspension-informed stiffness selection, torsional testing, 

equivalent-static structural assessment, and modal characterization [1–4, 7–16, 20–23]. Building on these approaches, 

the present study addresses how a vehicle-specific torsional stiffness target can be selected from suspension roll 

stiffnesses and evaluated alongside the structural and modal responses of a Formula Student spaceframe. Particular 

attention is given to diminishing gains in relative stiffness, mesh sensitivity, and the influence of loading arrangements 

and suspension compliance on the interpretation of calculated torsional stiffness. The contribution is an integrated 

numerical case study linking target selection with structural assessment under explicitly stated modelling assumptions. 

The present study investigates a normalized AISI 4130 steel Formula Student spaceframe using a suspension-informed 

analytical model and complementary finite element assessments. The primary objective is to establish a nominal 

chassis torsional stiffness requirement from the calculated front and rear suspension roll stiffnesses using a simplified 

equivalent-compliance formulation. A parametric assessment of the equivalent chassis–suspension system was 

conducted to establish a practical torsional stiffness target based on diminishing gains in relative stiffness, balancing 

chassis rigidity against the limited incremental benefits of further stiffening. An ANSYS-based beam-element model 

is subsequently employed to evaluate the chassis's torsional response, supported by a mesh-convergence study to 

assess numerical discretization sensitivity. Equivalent-static frontal, rear, and lateral analyses investigate deformation, 

combined beam stress, and nominal strength margins, while free–free modal analysis characterizes the natural 

vibration frequencies. The contribution of this study is a vehicle-specific assessment linking suspension-informed 

torsional stiffness target selection with a numerical model that retains suspension spring compliance. The comparison 

of front-loaded and rear-loaded configurations examines how loading and restraint arrangements influence effective 

torsional stiffness and local stress demand, while equivalent-static and modal analyses extend the assessment to 

complementary aspects of structural performance. 
 

2. Methodology 

2.1. Chassis geometry and properties 

The study focused on a single chassis configuration constructed from normalized AISI 4130 chromium-molybdenum 

steel. The investigated structure comprises the front bulkhead, front and main roll hoops, roll-hoop bracing, side-

impact members, and rear frame members interconnected to provide load paths between the primary structural regions 

and suspension mounting points. The chassis configuration was developed to balance structural rigidity, mass, driver 

accommodation, and manufacturability. Circular hollow steel sections of varying dimensions were assigned to the 

structural members according to their geometric and load-bearing requirements by the Formula SAE regulations [24]. 

A nominal yield strength of 435 MPa, determined through tensile testing of the actual chassis tubing using procedures 

referenced to ASTM A370-22 [25] and consistent with the manufacturer’s specifications, was adopted for the 

structural safety-factor calculations. The geometric specifications, material properties, and key parameters adopted 

for the finite element analysis of the Formula Student spaceframe are summarized in Table 1. 
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Table 1. Geometric and material parameters used in the structural model 

Parameter Value 

Chassis configuration Tubular spaceframe 

Structural material Normalized AISI 4130 steel 

Overall chassis length 2590 mm 

Chassis mass 34.92 kg 

Car mass with driver 260 kg 

Nominal tube outside diameter 25.4 mm 

Tube wall-thickness range 1.2–2.4 mm 

Young's modulus 205 GPa 

Poisson's ratio 0.29 

Density 7850 kg/m³ 

Tested yield strength 435 MPa 

FEA software ANSYS Mechanical 2024 R1 

Car track 1200 mm 

 

2.2 Equivalent suspension stiffness 

A simplified equivalent-compliance model was employed to establish a vehicle-specific nominal torsional stiffness 

target. The front and rear suspension roll stiffnesses were obtained from the vehicle's suspension design calculations 

and adopted as fixed inputs to the simplified equivalent-compliance model. The corresponding values were 133.07 

and 221.37 N·m/deg, respectively. In the adopted simplified series-compliance model, the equivalent suspension 

stiffness is expressed as 

𝐾𝑠 =
𝐾𝑓×𝐾𝑟

𝐾𝑓+𝐾𝑟
……………. (1) 

where Kf and Kr are the front and rear suspension roll stiffnesses, respectively. 

The chassis was represented as an additional torsional spring with stiffness Kc. The effective stiffness of the equivalent 

system was then calculated as 

𝐾𝑒 =
𝐾𝑠×𝐾𝑐

𝐾𝑠+𝐾𝑐
……………. (2) 

The relative stiffness was defined as the ratio of the effective system stiffness to the equivalent suspension stiffness 

under the idealized rigid-chassis condition: 

𝑅 =  
𝐾𝑒

𝐾𝑠
× 100%……………. (3) 

Equivalently, 𝑅 =  
𝐾𝑐

𝐾𝑠+𝐾𝑐
× 100% ……………. (4) 

This formulation provides a measure of the contribution of chassis compliance to the effective stiffness response. To 

investigate the sensitivity of relative stiffness to chassis rigidity, a parametric calculation was performed for chassis 

torsional stiffness values between 600 and 3600 Nm/deg (Table 2). 
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Table 2. Parametric variation of chassis and relative stiffness 

Chassis stiffness, Kc 

(Nm/deg) 

Effective stiffness, Ke 

(Nm/deg) 

Relative stiffness, R 

(%) 

Relative increase 

in R (%) 

600 72.999 87.83 - 

1100 77.272 92.98 5.86 

1600 79.007 95.06 2.24 

2100 79.947 96.19 1.19 

2600 80.536 96.90 0.74 

3100 80.941 97.39 0.51 

3600 81.235 97.74 0.36 

 

As chassis stiffness increased, the relative stiffness approached its theoretical maximum, exhibiting progressively 

diminishing gains. At a chassis torsional stiffness of 1600 Nm/deg, the system achieved approximately 95.06% relative 

stiffness. Further increasing chassis stiffness to 2100 Nm/deg improved relative stiffness to only 96.19%, indicating a 

comparatively small incremental benefit. Consequently, 1600 Nm/deg was selected as a practical design target, 

balancing torsional rigidity against the diminishing benefits of further stiffness increases. 

 

2.3. Finite element model development 

The chassis was modelled and analyzed using beam-element modelling in ANSYS Mechanical 2024 R1. A three-

dimensional line-body representation of the tubular frame was adopted, with the structural members idealized as 

interconnected beam elements. Riley and George [1] discussed finite element modeling strategies for Formula SAE 

chassis, while da Costa and Vilela [7] used beam elements to evaluate torsional stiffness against suspension 

characteristics. Krzikalla et al. [13] investigated the influence of beam-like model simplifications on experimentally 

measured torsional stiffness; Gala et al. [12] also examined discretization sensitivity in a numerical chassis model. 

The ANSYS BEAM188 formulation provides a three-dimensional, two-node beam representation based on 

Timoshenko beam theory, including transverse shear deformation. The standard formulation incorporates three 

translational and three rotational degrees of freedom at each node [26]. 

In the present model, circular hollow cross-sections and the specified material properties were assigned to the line 

bodies. Structural continuity was represented through the connections between intersecting members. The model 

therefore captures the global elastic behavior of the idealized frame without explicitly resolving the three-dimensional 

geometry of individual welded joints. Concentrated masses were introduced to represent major vehicle subsystems, 

including the driver, engine, pedal box, rear axle, and steering rack (Figure 1). The masses were positioned at their 

designated subsystem centers of gravity and incorporated into the mass representation of the chassis model. The 

numerical framework comprised static structural analyses for torsional stiffness and prescribed longitudinal and lateral 

loading, together with a free–free modal analysis for evaluating the natural vibration characteristics of the chassis. 
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Figure 1. Distribution of major component masses within the tubular spaceframe chassis. 

 

2.4. Mesh optimization and convergence assessment 

2.4.1. Mesh-refinement approach 

A mesh-refinement assessment was defined for the present beam-element model, using torsional stiffness as the 

primary convergence quantity. The assessment employed multiple mesh resolutions ranging from coarse to fine. A 

six-level mesh-refinement study was conducted using nominal element sizes of 30, 20, 10, 5, 1, and 0.50 mm. The 

chassis geometry, material properties, loading conditions, and boundary conditions were maintained consistently 

across all mesh configurations to isolate the influence of mesh density on the calculated torsional stiffness. 

 

2.4.2. Convergence criterion 

Mesh convergence was evaluated by progressively refining the finite element mesh and calculating the percentage 

change in torsional stiffness between successive mesh densities (Figure 2). A change of less than 1% between 

successive refinements is proposed as the preliminary acceptance criterion for global torsional stiffness. Gala et al. 

[12] reported changes below approximately 0.1% following further refinement of their selected mesh. The general 

distinction between numerical verification and experimental validation is consistent with the ASME V&V 10 

framework [27]; the less-than-1% convergence threshold adopted here remains a study-specific criterion. 

 

Table 3. Mesh-refinement results for the investigated chassis 

Nominal element size (mm) Number of elements Torsional stiffness (Nm/deg) Change (%) 

30 1343 1,899 - 

20 1982 1,771 6.74 

10 3922 1,702 3.90 

5 7805 1,667 2.06 

1 38810 1,651 0.96 

0.5 77582 1,638 0.79 

 

Therefore, the 1 mm mesh was selected for the final analysis, as it satisfied the adopted convergence criterion of less 

than 1% change in torsional stiffness and provided a suitable balance between numerical accuracy and computational 

cost (Table 3). Moreover, the corresponding torsional stiffness of 1651 Nm/deg is above the nominal design target. 
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Figure 2. Mesh convergence study showing the variation of calculated chassis torsional stiffness with increasing 

finite element mesh density. 

 

2.5. Torsional stiffness analysis 

The torsional response of the chassis was investigated using static structural FEA under specified boundary conditions 

(Figure 3). The objective was to determine the resistance of the spaceframe to rotation about its longitudinal axis and 

subsequently compare the calculated stiffness with the suspension-informed analytical requirement. The influence of 

how suspension interfaces and test fixtures are represented when estimating torsional stiffness is illustrated by the 

numerical–experimental investigations of Krzikalla et al. [13] and Capata et al. [14]. Fixture design and displacement 

measurement for physical chassis torsion testing have also been described by Thompson et al. [28]. 

 

  

Figure 3. Boundary conditions for (a) Front torsional loading, and (b) Rear torsional loading. 

 

For equal and opposite vertical forces of 1000 N separated by a transverse distance (b), the applied torque is: 

𝑇 = 𝐹 × 𝑏……………. (5) 

where F is the magnitude of one of the applied forces and b is the horizontal distance between the two suspension 

points. 

The angular deformation may be calculated from the relative vertical displacement of the loading points: 

𝜃 = tan−1 (
𝛿𝐿−𝛿𝑅

𝑏
)……………. (6) 

 

where 𝛿𝐿 and 𝛿𝑅 represent the vertical displacements of the left and right loading points, respectively. 

The resulting torsional stiffness is 
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𝐾𝑡 =
𝑇

𝜃
……………. (7) 

The angular deformation is expressed in degrees to obtain torsional stiffness in Nm/deg. 

Separate front and rear loading configurations are used to determine stiffness under different restraint conditions. For 

these assessments, the corresponding applied torque and differential displacement were calculated using consistent 

measurement locations. 

The torsional stiffness obtained from the finite element analysis was compared with the nominal analytical target of 

1600 Nm/deg, established in section 2.2. 

The torsional loading magnitude was selected based on an extreme hypothetical cornering condition of 2.5g lateral 

acceleration. The car has a mass of 260 kg, including the driver, a center-of-gravity height of 0.30 m, and a track width 

of 1.20 m. 

Lateral load transfer moment, 𝑀𝐿𝑇 = 𝑚𝑎𝑦ℎ𝑐𝑔……………. (8) 

Total lateral load transfer, 𝐹𝑧 =
𝑀𝐿𝑇

𝑡
……………. (9) 

where, t is the track width. 

Front load-transfer fractions, 𝑥𝑓 =
𝑘𝑓

𝑘𝑓+𝑘𝑟
……………. (10) 

Rear load-transfer fractions, 𝑥𝑟 =
𝑘𝑟

𝑘𝑓+𝑘𝑟
……………. (11) 

Equivalent vertical load transfer on front upright, 𝐹𝑧,𝑓 = 𝑥𝑓𝐹𝑧……………. (12) 

Equivalent vertical load transfer on rear upright, 𝐹𝑧,𝑟 = 𝑥𝑟𝐹𝑧……………. (13) 

 

Substituting values in equations (8-13), 𝐹𝑧,𝑓 = 598.5 𝑁 and 𝐹𝑧,𝑟 = 995.7 𝑁 

Based on the estimated rear-axle loading, equal and opposite vertical forces of 1000 N were selected as a nominal 

severe-loading reference for both front-loaded and rear-loaded torsional assessments, ensuring consistent loading 

conditions. 

2.6. Equivalent-static frontal loading 

The frontal structural response was evaluated using an equivalent-static load derived from a prescribed nominal 

deceleration condition. A nominal deceleration of 20g was adopted in accordance with F.8.8.2 of Formula SAE 

regulations [24]. 

For an effective participating mass Meff, the corresponding equivalent inertial force is 

𝐹𝑓𝑟𝑜𝑛𝑡 = 𝑀𝑒𝑓𝑓 × 𝑎……………. (14) 

where Ffront represents the applied frontal force (N), Meff is the effective participating mass (kg), and a is the impact 

deceleration (m/s²). 

According to equation (14), a 260 kg vehicle undergoing an average deceleration of 20g corresponds to an inertial 

force of 51 kN. The equivalent-static load was distributed equally across four designated vertices of the front bulkhead 

(12.75 kN per vertex), while the four rearmost chassis vertices were assigned simply supported boundary conditions 

to restrain the structure during the analysis. The resulting total deformation and combined beam stress distributions 

were examined to identify the displacement response and critical structural members under the imposed loading 

condition. The analysis used linear-elastic material behavior and therefore represented the structural response to an 

equivalent-static force rather than a transient collision event. For comparison, Siegler et al. [20] used nonlinear impact 

simulations to examine energy absorption and structural changes under crash loading, phenomena outside the scope 

of the present linear-elastic assessment. 

 

2.7. Equivalent-static rear loading 

A corresponding rear structural analysis was conducted using the same nominal deceleration magnitude of 20g. The 

equivalent-static load was distributed equally across four designated vertices of the rearmost part of the chassis (12.75 

kN per vertex), while the four vertices of the front bulkhead were assigned simply supported boundary conditions to 

restrain the structure. Maximum total deformation, maximum combined beam stress, and nominal factor of safety 

were evaluated. 
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2.8. Equivalent-static lateral loading 

A transverse force of 7 kN was adopted as the baseline lateral loading condition, derived from historical Formula SAE 

structural requirements. The load was selected with reference to Section AF4.3 of the 2016 Formula SAE regulations 

[29]. In the finite element model, the lateral impact load was applied as a remote force distributed over four designated 

edges in the side-impact region, while four corresponding edges on the opposite side of the chassis were assigned 

simply supported boundary conditions. The analysis was intended to determine the elastic structural response under a 

reproducible lateral loading condition. Its outputs included maximum total deformation, maximum combined beam 

stress, and nominal yield-based factor of safety.  
 

2.9. Factor-of-safety assessment 

The equivalent-static structural analyses were evaluated using maximum total deformation, maximum combined beam 

stress, and a nominal yield-based factor of safety. The ANSYS Beam Tool provides linearized beam-stress quantities 

associated with axial and bending contributions. The displayed Maximum Combined Stress result was therefore 

treated as a beam-based stress measure rather than automatically identified as von Mises equivalent stress [30]. 

The nominal factor of safety was determined using the assumed material yield strength: 

𝐹𝑂𝑆 =  
𝜎𝑦

𝜎𝑟𝑒𝑓
……………. (15) 

where 𝜎𝑦 is the adopted yield strength and 𝜎𝑟𝑒𝑓  is the selected beam-stress quantity. 

The available ANSYS post-processing setup uses the expression 

𝐹𝑂𝑆 =
𝜎𝑦

|𝑆𝑚𝑎𝑥|
 ……………. (16) 

where 𝑆𝑚𝑎𝑥 represents the stress quantity used in the user-defined expression in Ansys Mechanical, expressed in 

megapascals (MPa). 

This formulation was used to assess the nominal elastic strength margin under each loading condition. The calculated 

factor of safety was interpreted in relation to the definition of the selected stress result. Accordingly, an FOS greater 

than unity indicates a positive margin relative to the selected nominal stress criterion. 

 

2.10. Free–free modal analysis 

Modal analysis was performed to evaluate the natural frequencies and mode shapes of the spaceframe chassis. The 

numerical analysis employed the stiffness and mass distributions of the finite element model, including the 

concentrated masses representing major vehicle components. For an undamped linear structure, the natural frequencies 

are obtained from the generalized eigenvalue problem: 

(𝐾 − 𝜔𝑛
2𝑀)𝜑𝑛 = 0……………. (17) 

where K is the global stiffness matrix, M is the global mass matrix, 𝜔𝑛 is the natural angular frequency, and 𝜑𝑛 is the 

corresponding mode shape. The natural frequency is calculated as: 

𝑓𝑛 =
𝜔𝑛

2𝜋
……………. (18) 

Free–free boundary conditions were used to examine the unconstrained vibration characteristics of the numerical 

chassis model. For an unconstrained three-dimensional structure, the first six eigenmodes correspond to rigid-body 

translations and rotations and are expected to have approximately zero natural frequency. The subsequent modes 

represent elastic structural deformation. The extracted flexible frequencies and corresponding mode shapes were used 

to identify the primary vibration characteristics of the chassis. The first flexible frequency was also considered in 

relation to the engine excitation range. However, a comparison of individual natural frequencies with engine rotational 

frequency alone is insufficient to establish the absence of resonance. A complete vibration assessment would require 

consideration of excitation orders, forcing amplitudes, damping, modal participation, and the dynamic behavior of the 

assembled vehicle. 
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3. Results and discussion 
3.1. Suspension-integrated torsional stiffness requirement 
The calculated roll stiffnesses of 133.07 Nm/deg (front) and 221.37 Nm/deg (rear) yielded an equivalent stiffness of 

83.11 Nm/deg under the adopted simplified series-compliance representation. Based on the diminishing-returns trend, 

a chassis torsional stiffness of 1600 Nm/deg was selected as the nominal design target, corresponding to 95.06% 

relative stiffness (Figure 4). Increasing the chassis stiffness to 2100 Nm/deg improved relative stiffness to only 96.19%, 

representing an incremental gain of 1.13 percentage points despite a 31.25% increase in chassis stiffness. This 

threshold is a stated engineering design choice, not a universally validated vehicle-handling optimum. The calculation 

treats the front and rear suspension compliances through a simplified equivalent representation and does not resolve 

tire, linkage, or handling dynamics. Deakin et al. [4] showed that simplified stiffness-ratio criteria can depart from 

dynamic vehicle predictions because of suspension kinematics and chassis deformation distribution. Likewise, da 

Costa and Vilela [7] compared a suspension roll-stiffness distribution with lateral load-transfer distribution; their 

reported performance metric is not identical to the relative-stiffness ratio defined in this study. 

As shown in Table 2, increasing the assumed chassis stiffness from 600 to 1600 Nm/deg raises the relative stiffness 

from 87.83% to 95.06%, whereas increasing it further to 3600 Nm/deg raises relative stiffness only to 97.74%. 

Consequently, the 1600 N·m/deg target should be interpreted as a nominal design threshold within the present 

idealized compliance model, not as a value experimentally verified for the complete vehicle. 

 
Figure 4. Relative stiffness vs. chassis torsional stiffness curve 

 
3.2. Torsional response 

The torsional response of the Formula Student spaceframe was investigated under two loading configurations to assess 

the influence of loading direction, boundary conditions, and suspension compliance on structural performance. In the 

front-loaded configuration, the rear end was restrained while equal and opposite vertical forces of 1000 N were applied 

at the front uprights. The loading and restraint locations were reversed for the rear-loaded configuration. Both analyses 

incorporated linear spring elements with axial stiffnesses of 40,000 N/m at the front and 60,000 N/m at the rear. The 

applied force couple generated a nominal torsional moment of 1200 Nm, based on a lateral separation of 1.20 m 

between the loading points. 

Similar suspension-interface loading approaches have been employed in previous Formula Student chassis 

investigations by Riley and George [1], Krzikalla et al. [11], and Wolska et al. [16]. However, the present model retains 

finite suspension spring compliance, allowing the effective torsional response of the modelled chassis–suspension 
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assembly to be examined. Capata et al. [14] further demonstrated the importance of matching numerical loading 

arrangements with physical torsional-test conditions when validating predicted stiffness. 

 

3.2.1. Front-loaded torsional response  

Figure 5 presents the deformation and stress distributions obtained from the front-loaded configuration. The maximum 

total deformation was 49.550 mm, with the largest displacement occurring in the loaded front region. The selected 

upright deformation probe recorded a signed vertical displacement of +7.4467 mm, as shown in Figure 5d. 

        

     

Figure 5. Finite element results for the front-loaded torsional configuration: (a) total deformation, (b) maximum 

combined beam stress, (c) factor-of-safety distribution, and (d) vertical displacement at the selected front upright. 

The maximum combined beam stress reached 201.39 MPa, with elevated stresses concentrated near selected structural 

joints and load-transfer members. The corresponding minimum nominal factor of safety was 2.16, based on the 
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adopted yield strength of 435 MPa. This indicates that the maximum reported combined normal stress remained below 

the assumed material yield strength for the prescribed static loading condition.  

 

3.2.2. Rear-loaded torsional response 

The rear-loaded configuration was evaluated by reversing the loading and restraint locations. As illustrated in Figure 

6, the highest deformation occurred toward the loaded rear region, while the restrained front exhibited comparatively 

smaller movement. 

  

  

Figure 6. Finite element results for the rear-loaded torsional configuration: (a) total deformation, (b) maximum 

combined beam stress, (c) factor-of-safety distribution, and (d) vertical displacement at the selected rear upright. 

The maximum total deformation was 45.618 mm, while the selected rear upright exhibited a vertical displacement of 

+7.5850 mm. The maximum combined beam stress increased to 277.95 MPa, corresponding to a minimum nominal 

factor of safety of 1.565. Although the rear-loaded configuration produced a lower maximum total deformation than 

the front-loaded configuration, its peak combined stress was approximately 38.0% higher. This difference suggests 

that the reversal of the loading and restraint conditions modified the internal force distribution and produced greater 

local stress demand in certain structural members. The contrasting deformation and stress responses highlight the 

importance of evaluating more than one loading configuration, particularly for nonuniform tubular spaceframes 

incorporating suspension interfaces and differently triangulated front and rear structures [11, 16]. 

 

3.2.3. Effective torsional stiffness assessment 

The effective torsional stiffness for both cases was determined using equations (5)-(7). The comparative torsional 

responses of the chassis under front-loaded and rear-loaded configurations, including vertical displacement, angular 
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deformation, effective torsional stiffness, maximum combined beam stress, and nominal factor of safety, are 

summarized in Table 4. 

 

Table 4. Comparative torsional response under front-loaded and rear-loaded configurations. 

Parameter Front-loaded Rear-loaded 

Left-side vertical displacement (mm) +7.446 +7.585 

Right-side displacement (mm) −7.246 −7.385 

Differential vertical displacement (mm) 14.893 15.17 

Angular deformation (deg) 0.711 0.724 

Effective torsional stiffness (Nm/deg) 1687.6 1656.83 

Maximum total deformation (mm) 49.55 45.618 

Maximum combined beam stress (MPa) 201.39 277.95 

Minimum nominal factor of safety 2.16 1.565 

 

The front-loaded response was approximately 1.84% stiffer than the rear-loaded response relative to their arithmetic 

mean. The two configurations yielded a provisional mean effective torsional stiffness of 1672.21 Nm/deg. The 

provisional effective stiffness estimates obtained from both torsional configurations numerically exceed 1600 Nm/deg. 

The comparison shows that similar effective torsional stiffnesses can coexist with substantially different peak stresses 

under reversed loading and restraint arrangements. For the investigated chassis–suspension assembly, this finding 

indicates that a global stiffness value alone does not fully describe local structural demand. Evaluating both 

configurations therefore provides additional information about the sensitivity of the structural response to the adopted 

loading and restraint conditions [1, 11, 16].  

 

3.3. Equivalent-static frontal and rear loading analysis 
In the frontal equivalent-static assessment, the reported maximum total deformation was 21.906 mm. The deformation 

contour shows that the largest deflection occurs toward the loaded front-frame region, with a nonuniform distribution 

of displacement through the remainder of the spaceframe (Figure 7a). The maximum reported positive combined beam 

stress was 334.94 MPa (Figure 7b), and the ANSYS user-defined safety-factor field yielded a minimum of 

approximately 1.299.  
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Figure 7. Frontal equivalent-static loading response: (a) total deformation, (b) maximum combined beam stress, and 

(c) factor of safety. 

 

The corresponding rear structural loading case produced a maximum total deformation of 8.1906 mm and maximum 

positive combined beam stress of 218.93 MPa. The user-defined minimum nominal FOS was approximately 1.987. 

The rear displacement pattern differs from the frontal case, with deformation distributed according to its particular 

load application and support locations (Figure 8).  
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Figure 8. Rear equivalent-static loading response: (a) total deformation, (b) maximum combined beam stress, and (c) 

user-defined nominal factor of safety. 

 

3.4. Lateral structural loading analysis 

 

 
Figure 9. Lateral response under 7 kN loading: (a) total deformation, (b) maximum combined beam stress, and (c) 

factor of safety. 

 

Figure 9 shows a maximum total deformation of 5.575 mm and a maximum positive combined beam stress of 236.72 

MPa. The ANSYS user-defined minimum factor of safety is approximately 1.837.  
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3.5. Free–free modal characteristics 

 

Figure 10. Total deformation mode shape of the first rigid-body mode obtained from free–free modal analysis of the 

Formula Student spaceframe chassis (f = 0.0019492 Hz). 

 

The dynamic characteristics of the Formula Student spaceframe chassis were evaluated through free–free modal 

analysis in ANSYS Mechanical 2024 R1 (Figure 10). The numerical model incorporated the distributed structural 

mass and concentrated masses representing major vehicle components. The first six modes exhibited approximately 

zero natural frequencies, corresponding to the three translational and three rotational rigid-body degrees of freedom 

of an unconstrained three-dimensional structure. Figure 10 illustrates the first rigid-body mode, with a calculated 

frequency of 0.0019492 Hz. The near-zero frequency is consistent with the expected unconstrained behaviour, while 

the displayed deformation contours represent the relative modal displacement distribution rather than physical 

displacement under an applied load. Figure 11 illustrates the modal characteristics of the chassis, with the first flexible 

natural frequency occurring at 33.271 Hz (Mode 7), followed by natural frequencies of 56.376, 61.064, 80.954, 95.575, 

and 97.306 Hz for Modes 8–12, respectively. These frequencies characterize the elastic vibration behaviour of the 

numerical chassis under the adopted structural stiffness and mass distribution. 

 

 

Figure 11. Natural Frequency Distribution Across the First 12 Vibration Modes of the FSAE Spaceframe Chassis. 

The obtained natural frequencies were compared with previously published modal investigations of racing chassis. 

Schweighardt et al. [31] performed free–free beam-element modal analysis of a Formula Student spaceframe and 
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reported a first flexible natural frequency of 61.99 Hz, compared with an experimentally measured value of 55.81 Hz. 

Rodrigues et al. [22] reported an initial natural frequency of 34.4 Hz for a tubular sports-car chassis, while Gao et al. 

[32] obtained a first non-zero frequency of 32.241 Hz for a Formula racing frame. The first flexible natural frequency 

of the present chassis (33.271 Hz) is comparable in magnitude to those reported by Rodrigues et al. and Gao et al., 

although it is lower than the numerical value reported by Schweighardt et al.  

Differences between the reported frequencies may be attributed to variations in chassis geometry, material distribution, 

boundary conditions, numerical modelling approaches, and representation of vehicle subsystem masses. The present 

model includes concentrated masses representing the driver, engine, and additional components, which influence the 

assembled mass matrix and corresponding natural frequencies. Furthermore, differences in mode shapes prevent direct 

equivalence between individual frequencies across different chassis configurations.  

The first flexible frequency of 33.271 Hz also lies above the nominal engine idle rotational frequency range of 25–30 

Hz. Nevertheless, this separation alone does not establish resonance-free operation, since engine excitation harmonics, 

modal participation, damping, and the operating conditions of the assembled vehicle may influence the dynamic 

response. Experimental modal testing and frequency-response analysis would therefore be required for further 

validation. For experimental follow-up, Zainal et al. [23] demonstrated the use of free–free operational and 

experimental modal analyses to identify chassis frequencies and mode shapes, providing a relevant approach for 

comparison against future finite element predictions. 

 

4. Conclusion 

This study established a suspension-informed torsional stiffness requirement for a Formula Student spaceframe chassis 

and evaluated its structural performance through torsional, equivalent-static, and modal finite element analyses using 

ANSYS Mechanical 2024 R1. The investigation focused on an AISI 4130 steel tubular spaceframe, integrating 

analytical stiffness assessment with numerical structural evaluation. The principal findings are summarized as follows: 

1. Suspension-informed stiffness requirement: The adopted front and rear suspension roll stiffnesses of 133.07 

and 221.37 Nm/deg yielded an equivalent suspension stiffness of 83.11 Nm/deg. The parametric assessment 

demonstrated progressively diminishing gains in relative stiffness with increasing chassis rigidity. 

Consequently, 1600 Nm/deg was selected as a practical torsional stiffness target, achieving 95.06% relative 

stiffness, while further stiffening to 2100 Nm/deg increased relative stiffness by only 1.13 percentage points. 

2. Torsional stiffness and mesh convergence: The finite element model achieved a torsional stiffness of 1651 

Nm/deg at the selected 1 mm mesh resolution, exceeding the nominal target by approximately 3.2% and 

corresponding to a relative stiffness of 95.21%. Further refinement to 10 mm yielded 1638 Nm/deg, 

representing a difference of approximately 0.8% and satisfying the adopted convergence criterion for global 

torsional stiffness. 

3. Equivalent-static structural response: Frontal and rear loading analyses produced maximum deformations of 

21.906 and 8.191 mm, with corresponding maximum combined beam stresses of 334.94 and 218.93 MPa. 

The baseline 7 kN lateral assessment yielded a maximum deformation of 8.750 mm and a combined beam 

stress of 334.51 MPa. The reported minimum nominal factors of safety were 1.299, 1.987, and 1.227 for 

frontal, rear, and lateral loading, respectively. The lateral case exhibited the lowest reported safety factor, 

indicating the need for further assessment of the side-impact structure. 

4. Modal characteristics: Free–free modal analysis identified six approximately zero-frequency rigid-body 

modes, followed by a first flexible natural frequency of 33.271 Hz. The subsequent flexible frequencies 

ranged from 56.376 to 97.306 Hz, providing a basis for evaluating the chassis vibration characteristics. 

This case study provides an explicit basis for selecting a suspension-informed stiffness target and interpreting the 

effective torsional response of a spaceframe with suspension compliance retained. The front-loaded and rear-loaded 

assessments further demonstrate the importance of considering local stress demand alongside global torsional stiffness 

when evaluating the investigated structure. However, the equivalent-static analyses do not establish crashworthiness, 

and the modal results cannot independently confirm resonance-free operation. Experimental validation, detailed joint 

modelling, and nonlinear structural assessment are recommended to improve confidence in the predicted structural 

performance. 
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