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Abstract— The objective of this paper is to analyse and 

optimise the roll cage design of an All-Terrain Vehicle in 

compliance with Baja SAE 2018 rulebook. Roll cage is the 

skeleton of the vehicle that not only forms a structural frame 

but also provides three dimensional spacing around the 

driver, becoming the most critical part of the vehicle. This 

multi-tubular space frame needs to be lightweight, 

structurally sound and ergonomically designed to withstand 

jarring elements of a rough terrain. The CAD model of the 

roll cage was designed in Autodesk Fusion 360 and various 

crash simulations (front impact, side impact, rear impact, roll-

over and head-on collision) were carried out in Autodesk 

Nastran (static structural). 
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I. INTRODUCTION 

SAE Baja is an intercollegiate engineering design 

competition for undergraduate and graduate engineering 

students organized by the Society of Automotive Engineers 

(SAE). The objective of the competition is to simulate real-

world engineering design projects and their related 

challenges. A team of students (SAE BAJA team) has to 

design, fabricate, and race an off-road vehicle powered by a 

10 HP Briggs and Stratton gasoline engine. Typical 

capabilities on basis of which these vehicles are judged are 

hill climb, load pull, rock crawl, acceleration, 

maneuverability and endurance on land as well as water [1]. 

 All SAE approved Baja vehicles are required to use 

a 10 horsepower four-stroke engine. The engine cannot be 

enhanced in any way to ensure uniform comparison of overall 

vehicle design [2]. Thus, a large part of vehicle performance 

depends on the drive train and the maneuverability of the 

vehicle. 

 The roll cage is designed to incorporate all the 

subsystems of the vehicle. A CAD Model was prepared in 

Autodesk Fusion 360, later the frame design was tested in 

various crash simulation using Autodesk Nastran (analysis 

was done under static conditions). Based on the results from 

the simulations the design geometry was refined accordingly. 

II. DESIGN METHODOLOGY 

The design of the frame is heavily influenced by the rules 

compiled by Event Organizers (i.e. SAE). These rules are 

updated yearly to address safety concerns. These rules define 

the frame structure in two ways: minimum frame cross 

sectional flexural strength and the specific requirements of 

the frame geometry [4]. Flexural strength can be achieved by 

any combination of material and cross sectional geometry. 

A. Material Selection 

Material of the frame plays a pivotal role in its strength, 

endurance, safety and reliability. According to the rules of 

BAJA SAE any material selected should be steel with carbon 

content of 0.18% or more. The frame material should have 

maximum weld area, low cost, good bending stiffness and 

high strength to weight ratio. An extensive material survey 

was conducted and based on cost, availability & properties of 

the alloy; “Duplex S32205” was finalized. 

Property 

Material 

AISI 

1018 

AISI 

4130 

Duplex 

S32205 

Carbon (%) 
0.14- 

0.20 

0.28-

0.33 
0.30 - 0.40 

Density (g/cm3) 7.87 7.85 7.82 

Yield Strength (MPa) 350 460 540 

Ultimate Strength 

(MPa) 
440 560 750 

Modulus Of 

Elasticity (GPa) 
205 210 205 

Cost (USD/meter) 2.25 7.75 8.5 

Table 1: Material Properties 

B. Cross-Section Determination 

According to BAJA SAE Collegiate Design Series 2018 rules 

: A steel shape with bending stiffness and bending stiffness 

exceeding that of a circular steel tubing with an outside 

diameter of 25mm (1in) and a wall thickness of 3mm 

(0.012in). The wall thickness must be at-least 1.57mm 

(0.062in). The bending strength and bending stiffness should 

be calculated about a neutral axis that gives the minimum 

values [1]. 

Bending stiffness 𝑘𝑏  =  𝐸𝐼 ………………(1.1) 

E = Modulus of Elasticity 

I = Second moment of area for the structural cross section 

Bending Strength 𝑆𝑏 =
𝑆𝑦𝐼

𝑐
…………………(1.2) 

𝑆𝑦= Yield Strength 

c = Distance from neutral axis 

Three different cross-sections were compared with respect to 

bending stiffness, bending strength, weight and availability of 

the material. These cross-sections are: 

1) Outer Dia = 1.375 in and Thickness = 1.5 mm 

2) Outer Dia = 1.375 in and thickness = 1.75 mm 

3) Outer Dia = 1 in and thickness = 2 mm 

 

Parameter 

OD 1.375 in OD 1in 

Thk 2 

mm 
Thk 

1.5mm 

Thk 

1.75mm 

Bending Stiffness 
(kN − m2) 

9.035 10.314 4.883 

Bending Strength 
(kN − m) 

1.363 1.556 0.862 

Weight (kg/m) 1.236 1.432 1.154 

Table 2: Cross-Section Comparison 

 Bending Stiffness of AISI 1018 = 5.526 𝑘𝑁 − 𝑚2 

 Bending Strength of AISI 1018 = 0.774 𝑘𝑁 − 𝑚 

 Weight per meter of AISI 1018 = 1.657 𝑘𝑔 

 According to the rulebook, the cross section selected 

should have bending strength and bending stiffness of the 
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material should be greater than or equal to that of AISI 1018 

(OD 1in and thickness 3mm). Hence based on the criterion 

following cross-section was finalised : 

Outer Diameter = 1.375 in (35 mm) 

Thickness = 1.5 mm 

C. Frame Design 

To initiate the design some guidelines are to be set in 

accordance with position of subsystem assemblies such as 

seat, transmission unit, steering and suspension unit etc. Once 

these locations are determined initial iteration of the frame is 

designed in Autodesk Fusion 360. This design is then 

scrutinized based on weight, center of gravity and 

ergonomics, and then the design is optimized for further 

iterations until the design satisfies all three criteria. 

 
Fig. 1: Perspective View of the Frame Design 

 
Fig. 2: Side View of the Frame Design 

III. FINITE ELEMENT ANALYSIS 

The frame design is subjected to various impact simulations 

to test the structural and to provide utmost safety to the driver 

with least deformations possible. Five different crash 

simulations are carried out: (1) front impact, (2) rear impact, 

(3) side impact, and (4) head-on collision, (5) roll-over. These 

simulations are carried out in Autodesk Nastran. 

A. Front Impact Analysis 

In this simulation, the vehicle is considered to be travelling at 

its maximum speed (i.e. 60 kmph) and then it comes to a 

sudden halt as it impacts a stationary wall. Since a wall in a 

non-deformable entity the impact time is taken the least 

possible (i.e. 0.15 secs). If the object had been a deformable 

entity such as a tree or other vehicle then the impact time 

would have been 0.30 secs. 

Solver: Static Structural 

Mesh Size: Fine 

1) Boundary Conditions 

 Mass of the vehicle is considered to be 250 kg. 

 All suspension point are fixed. 

 Impact force is applied on the front most portion of the 

vehicle. 

Impact force, 𝐹 = 𝑚 ∗ 𝑎 = 𝑚 ∗
𝑑𝑣

𝑑𝑡
………… (2.1) 

Using (2.1) the impact force is calculated to be: 27.78 kN 

 
Fig. 3: Front Impact Scenario 

Max Stress induced: 213.9 MPa 

Max Deformation achieved: 0.46 mm 

Factor of Safety: 2.52 

 
Fig. 4: Max stress in front impact (213.9 MPa) 

 
Fig. 5: Max displacement (0.46 mm) 

B. Rear Impact Analysis 

In this scenario, the vehicle is considered to be stationary in 

front of wall (front facing the wall), while another vehicle 

rams this stationary vehicle from behind. The ramming 

vehicle is considered to be travelling at 60 kmph before the 

impact. In this impact test two forces act on the vehicle, one 

at the rear side caused due to collision by other vehicle and 

another force due to reaction from the wall. Impact time for 

vehicle collision is 0.30 sec while for wall collision is 0.15 

secs. 
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Solver: Static Structural 

Mesh Size: Fine 

1) Boundary Conditions 

 Mass of the vehicle is considered to be 250 kg 

 Front Suspension points are fixed 

 Using (2.1), the impact forces were calculated. A force 

of 13.89 kN acts on the rear of the vehicle, while a force 

of 27.78 kN acts on the front of the vehicle. 

 
Fig. 6: Rear Impact Scenario 

 Max Stress induced: 117 MPa 

 Max Deformation achieved: 0.37 mm 

 Factor of Safety: 4.62 

 
Fig. 7: Max Stress in Rear Impact Analysis (117 MPa) 

 
Fig. 8: Max Displacement (0.35 mm) 

C. Side Impact Analysis 

In this scenario, the vehicle is considered to be stationary in 

front of wall (side facing the wall), while another vehicle 

rams this stationary vehicle from opposite side. The ramming 

vehicle is considered to be travelling at 60 kmph before the 

impact. In this impact test two forces act on the vehicle, one 

at the open side caused due to collision by other vehicle and 

another force due to reaction from the wall. Impact time for 

vehicle collision is 0.30 sec while for wall collision is 0.15 

secs. 

Solver: Static Structural 

Mesh Size: Fine 

1) Boundary Conditions 

 Mass of the vehicle is considered to be 250 kg 

 Suspension points facing the wall are fixed. 

 Using (2.1), the impact forces were calculated. A force 

of 13.89 kN acts on the rear of the vehicle, while a force 

of 27.78 kN acts on the front of the vehicle. 

 
Fig. 9: Side Impact Scenario 

 Max Stress induced: 339.5 MPa 

 Max Deformation achieved: 1.21 mm 

 Factor of Safety: 1.58 

 
Fig. 10: Max Stress in Side Impact Analysis (339.5 MPa) 

 
Fig. 11: Max Displacement (1.21 mm) 

D. Head-on Collision 

This case is almost similar to that of rear impact test, the only 

difference being the rear side is facing the wall while the front 

is open for impact. Impact time for vehicle collision is 0.30 

sec while for wall collision is 0.15 secs. 

Solver: Static Structural 

Mesh Size: Fine 

1) Boundary Conditions 

 Mass of the vehicle is considered to be 250 kg 

 Rear Suspension points are fixed. 

 Using (2.1), the impact forces were calculated. A force 

of 13.89 kN acts on the front of the vehicle, while a force 

of 27.78 kN acts on the rear of the vehicle. 
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Fig. 12: Head-on collision scenario 

 Max Stress induced: 148.9 MPa 

 Max Deformation achieved: 0.37 mm 

 Factor of Safety: 3.62 

 
Fig. 13: Max Stress in Head-On Collision (148.9 Mpa) 

 
Fig. 14: Max Displacement (0.37 Mm) 

E. Roll Over Impact 

This crash simulation is different from all the above, in this 

the vehicle is considered to fall off from a cliff and roll over 

such that when it impacts with the ground, the lateral cross 

member or the top of the vehicle hits first. For maximum 

stress scenario the vehicle is considered to hit a cement 

ground rather than sand or mud, hence the impact time is 0.15 

secs. The considered to fall from a height of 10ft (3m). 

Solver: Static Structural 

Mesh Size: Fine 

1) Boundary Conditions 

Mass of the vehicle is considered to be 250 kg 

Bottom of the vehicle (i.e. LFS) is fixed. 

Impact Force 𝐹 =
𝑚∗√𝑔∗ℎ

𝑡
……………… (2.2) 

Using (2.2) impact force is calculated to be 9.11 kN 

 
Fig. 14: Roll Over Impact Scenario 

 Max Stress induced: 342.4 MPa 

 Max Deformation achieved: 0.26 mm 

 Factor of Safety: 1.57 

 
Fig. 15: Max Stress in Roll over (342.4 Mpa) 

 
Fig. 16: Max Displacement (0.26 Mm) 

IV. RESULTS & DISCUSSION 

 

Max 

Stress 

(MPa) 

Max 

Displacement 

(mm) 

Max 

F.O.S. 

Front 

Impact 
231.9 0.46 2.52 

Rear Impact 117 0.35 4.62 

Side Impact 339.5 1.21 1.58 

Head-on 

Collision 
148.9 0.37 3.62 

Roll Over 342.4 0.26 1.57 

Table 3: Summary of Results 

Average Factor of Safety = 2.78 
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Fig. 17: Fabricated Vehicle Ready for the Event 

V. CONCLUSION 

The FEA analysis indicates structural rigidity of the frame, 

while maintaining lower weight in turn improving the 

performance parameters of the vehicle. The research analysis 

was helpful in finding out the maximum deformation, Von 

Mises stresses and the factor of safety. 

 Analysis on the design was performed considered 

maximum stress and deformation scenarios, such that the 

vehicle that will be fabricated should provide utmost safety 

to the driver. The roll cage is used to build the complete ATV 

by integrating all other sub-systems such as: transmission, 

suspension, steering, brakes, etc. 
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