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ABSTRACT 

Generally, in the automotive industry, weight reduction, cost of engineering design 

and reduction in vehicle development cycle time are becoming increasingly focused 

on. In order to tackle this, Computer Aided Engineering (CAE) is popularly being 

used to lead design process. This is more efficient than just using CAE as a 

verification tool. 

In the design of the F15 chassis, suitable Finite Element Analysis (FEA) optimisation 

techniques have been adopted from the early design stage. The design problem in 

view of weight reduction and increasing torsional stiffness has been solved by 

means of topology optimisation and also by applying gauge optimisation at the later 

stage of the design phase to optimise the size of structural members of the chassis. 

Initial topology optimisation generated efficient load paths which were translated into 

two main concepts: Concept I & II - all tube design and Concept III - tube and sheet 

component design. All these proposals achieved specific torsional stiffness 

considerably higher than previous F14 chassis giving at least 4kg of mass savings.  

Similarly, in the development of the impact attenuator, surrogate FE models were 

built and parametric studies were set up to observe the influence of wall thickness, 

semi-apical angle, indentations and protrusions on crash performance. 

Subsequently, optimisations were set up to evaluate optimum values of these 

parameters. In the end, a conical frustum shell-type impact attenuator which 

incorporates asymmetric indentations and protrusions was proposed. Specific 

energy absorption was maximised and impact force minimised for this design. 

The effectiveness of the impact attenuator was measured by comparing the force 

transmitted through the chassis “with and without the crash tube" into the cockpit 

area. The crash tube reduced the amount of force transmitted into the cockpit area of 

the chassis to an appreciable level. Moreover, the acceleration measured at an area 

close to driver’s position was also decreased. 
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1 INTRODUCTION 

The Formula SAE Series competitions, held in the UK and USA is designed to 

challenge teams of undergraduate and graduate students from universities all over 

the world to plan, design, fabricate, develop and compete with small, formula style 

vehicles [1]. It is a testing ground for the next generation of world-class engineers. 

The main idea of the competition is that a fictional company has employed an 

engineering team to construct a formula car [8]. Teams have been entered by 

University of Leeds into these competitions every year. In the year 2000, the team 

from the university came 5th out of 100 competitors and also won seven design 

prizes [25]. This year, the team did well with an overall position of 45th out of 103 

participants. 

1.1 Design challenge 

This project has been set up to design the chassis as well as the impact attenuator 

for the F15 race car. In terms of performance and weight, the new chassis design 

should be an improvement from the current F14 design which weighs 29.7kg and 

achieved torsional stiffness of 330Nm/ o. 

1.1.1 Chassis 

A full Computer Aided Engineering (CAE) approach is used to generate design 

concepts for the race car chassis structure. This is quite a different approach from 

how the chassis has been designed in the past. The design problem in view of 

weight reduction and increasing torsional stiffness is solved by means of topology 

optimisation and also by applying gauge optimisation at the later stage of the design 

phase to optimise the size of structural members of the chassis. 

1.1.2 Impact attenuator 

The impact attenuator is needed to protect race car structures and the driver. It is 

designed to absorb crash energy “in a controlled manner” and thus offer protection 

[33]. In designing this device, considerable difficulties are encountered owing to the 

complexity of crash mechanism which makes the traditional design approach, “trial 

and error” method involving testing of physical prototypes a daunting exercise [29]. 

Thus, in this project, optimisation techniques are introduced by implementing 

theoretical models. The crash worthiness of the impact attenuator is assessed for 

total energy absorbed as stated in the FSAE 2012 rules. Other important 

performance indices measured are specific energy absorbed, SEA and maximum 

section force Fmax generated in the crash absorber. 

The chassis and the Impact attenuator are finally assessed together as an assembly 

for peak and average decelerations. 
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1.2  Aim 

This project is aimed at generating conceptual designs for the F15 race car chassis 

and Front Impact attenuator whilst abiding by the SAE rules. This design should be 

lighter, stiffer and more crash-worthy than the previous F14 design. 

1.3  Objectives 

 

 To carry out a literature review of the current SAE rules regarding the design 

and performance of chassis and impact attenuator for race cars. 

 To create a package volume of the design space available for the Chassis 

and generate a Finite Element model. 

 To use the above information to carry out Topology optimisation to generate 

conceptual chassis design that would achieve an optimum torsional stiffness 

per unit mass. 

 To improve the crash worthiness of the impact attenuator as well as the whole 

chassis using Design of Experiment (DoE) and optimisation techniques. 

 Finally, a detailed report is produced describing the design process as well as 

performance of the chassis and impact attenuator. 
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2 LITERATURE REVIEW 

This literature survey comprises of background research on chassis structures and 

impact attenuators in general. It also details the application of Computer Aided 

Engineering (CAE) technology in design and development. 

2.1 Chassis structures 

In the world of motor sport, the most common types of chassis structure 

implemented are Monocoque chassis and space-frame chassis [13]. Both types of 

chassis are discussed in the following paragraphs. 

2.1.1 Monocoque Chassis 

Majority of the cars produced throughout the world are made of steel monocoque 

chassis. This structure is one-piece which defines the overall shape of the car. While 

other types of chassis provide only the stress members and need to build the body 

around them, the monocoque chassis is already incorporated with the body in a 

single piece [11].  

 

Fig. 1: Monocoque chassis structure for Race car [13] 

The chassis is made by welding several pieces together to make a “one-piece” 

structure (see fig. 1). Their major advantage is the benefit of crash protection. This is 

owed to the use of lots of metal which makes it easy for crumple zones to be built 

into the structure [11]. Another advantage is the relatively high surface area to weight 

ratio of the body panels, but the numerous enclosed sections lead to high rates of 

corrosion [12]. 

2.1.2 Space-frame  Chassis 

Although the most popular type of chassis design in Formula one race cars is 

monocoque, however tubular space frame are also used especially in Formula 

student race cars [8]. These frames comprise of series of tubes that are joined 
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together to form a structure which connects all the important components together. 

Fig. 2 shows an example of a tubular space frame chassis. 

 

Fig. 2: Example of Space-frame chassis structure for Race car [2] 

The tubular members are “triangulated” to allow them to sustain loads in tension and 

compression only and do not deform due to bending or torsion to any high degree 

[12].  

2.2 Design and performance requirements 

There are various design and performance targets set out by the SAE. The main 

requirements relating to this project shall be discussed in this section. 

2.2.1 Chassis Design configuration 

The 2012 FSAE rules and regulations state that the vehicle has to comprise of open-

wheel and open-cockpit. The minimum wheelbase allowed is 1525 mm (60 inches). 

This is measured from the centre of ground contact of the front and rear tires with the 

wheels pointed straight ahead [1]. Also, the smaller track of the vehicle (front or rear) 

must be at least 75% of the larger track [1]. The Chassis structure components are 

described as follow. 

2.2.1.1 Main hoop 

The Main hoop is a roll bar just behind or alongside the “driver’s torso” [1]. Its 

function is to protect the driver’s upper body from injury should roll over occur. The 

rules state that the construction should be made from a single piece of uncut tube 

and be supported by bracing to protect the driver. It is also required that in the event 

of roll over, the driver’s head and hands must not contact the ground. There is strict 

restriction regarding the material used for the design of the main hoop. The following 

materials are not allowed: aluminium alloys, titanium alloys and composite materials 

[1]. 
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2.2.1.2 Front hoop 

The Front hoop is roll bar located above the driver’s legs, close to the steering wheel 

[1]. In the regulation, it is stated that when the driver is seated and restraint normally, 

the helmet of a 95th percentile male (See fig. 3 ) [1], as measurement from 

anthropomorphic dummies must be at least 50.8mm from the straight line drawn 

from the top of the main hoop to the top of the front hoop as shown in fig. 4.  

                                                 

Fig. 3: 95
th

 percentile male with helmet [1] 

 

Fig 4: 95
th

 Requirements for minimum helmet clearance [1] 

 

2.2.1.3 Side impact structure 

As shown in fig. 5, the side impact zone is the area of the side of the car which 

extends from the top of the floor to 350mm above the ground and from the Front 

hoop back to the Main hoop [1].  
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Fig.5: 95
th

 Side impact zone [1] 

The rule states that the Side Impact Structure for tube frame cars should consist of 

at least three tubular members located on each side of the driver while seated in the 

normal driving position (see fig. 5) [1]. 

2.2.2 Torsional Stiffness 

The most imperative and largest magnitude of loads transmitted through the chassis 

frame is Torsional load. Torsional stiffness is the resistance of the chassis to 

torsional loads [8]. These loads are induced by undulating road surface or cornering 

forces [2]. It is desired that torsional stiffness should be high for a race car design 

because it permits the handling to be precisely controlled by adjusting the 

suspension parameters [25]. The chassis is required to be sufficiently stiff to 

withstand the static and dynamic loads which act during driving conditions. This 

generally requires a high stiffness to minimise deflection of the chassis and hence 

the movement of all the mounting points for power train and suspension 

components. The most common measure for chassis stiffness is torsional stiffness. 

This assumes that if the car is sufficiently stiff under torsional loading, then it will 

normally withstand bending and longitudinal/lateral bending [12]. 

With reference to fig. 6, Torsional rigidity is calculated by measuring the torque 

applied to the frame and dividing by the angular deflection (see the equations below) 

[2]. 



T
K  …………………………………. (1) 

Where K, T and   are torsional stiffness, torque and angular deflection respectively. 

  can further be expressed in terms linear vertical deflections of points and Force 

applied as shown below: 
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L
zz

FL
K

2
tan 211

………………. (2) 

Where 1z and 2z are the vertical deflections measured at points 1 and 2 

respectively. F is the applied force and L is the distance between force application 

point and point “O”. 

Fig. 6 shows a Race car chassis for which the above equations apply. This is 

modelled with 1D finite element. The loadings and boundary conditions are also 

depicted in the picture. 

 

Fig. 6: Frame Finite Element Model Loading Case [2] 

Obviously, by simply adding more material to the design (thereby increasing weight), 

high torsional stiffness can be achieved. However, since a lighter design is desired, it 

is important to find the best mass stiffness distributions. Thus, a more applicable 

definition of this performance is “specific torsional stiffness” i.e. torsional stiffness per 

unit mass. 

2.2.3 Structural requirements 

 

Fig 7: Chassis under consideration for structural requirements [1] 
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Apart from torsional stiffness, there are other loads (stated in the FSAE rules) which 

the chassis must withstand. These are often expressed as maximum deflection 

under a particular loading [1]. Using the notations in fig. 7, these are summarised in 

the table below: 

 

Chassis part Load 

Applied 

Application 

point 

Boundary Condition Requirements 

Main Roll Hop, 

Bracing and 

Bracing 

Supports 

Fx= 6kN 

Fy= 5kN 

Fz= -9kN 

Top of Main Roll 

Hoop 

Fixed displacement in all 

directions but not rotation of 

the bottom nodes of both sides 

of the front and main roll 

hoops 

Maximum allowable 

deflection: 25mm 

There must be no 

failure in any part of 

the structure. 

Front Roll Hoop Fx= 6kN 

Fy= 5kN 

Fz= -9kN 

Top of Front Roll 

Hoop 

Fixed displacement in all 

directions but not rotation of 

the bottom nodes of both sides 

of the front and main roll 

hoops 

Maximum allowable 

deflection: 25mm 

There must be no 

failure in any part of 

the structure. 

Side Impact Fy= 5kN 

Fz= -9kN 

Every structural 

locations 

between front 

and main roll 

hoop of the side 

impact zone 

Fixed displacement in all 

directions but not rotation of 

the bottom nodes of both sides 

of the front and main roll 

hoops. 

Maximum allowable 

deflection: 25mm 

There must be no 

failure in any part of 

the structure. 

Front Bulkhead 

and Bulkhead 

Support Off 

Axis 

Fx= 149kN 

Fy=17.25kN 

Attachment 

points between 

the front 

bulkhead and the 

impact attenuator 

Fixed displacement in all 

directions but not rotation of 

the bottom nodes of both sides 

of the main roll hoop and 

points where the shoulder 

harness tube is connected. 

Maximum allowable 

deflection: 25mm 

There must be no 

failure in any part of 

the structure. 

Shoulder 

Harness 

Attachment 

13.2kN at every 

seat belt 

attachment 

angle 

Loads should be 

applied at the 

harness points at 

the same time. 

Fixed displacement in all 

directions but not rotation of 

the bottom nodes of both sides 

of the front and main roll 

hoops. 

Maximum allowable 

deflection: 25mm 

There must be no 

failure in any part of 

the structure. 

Front Bulkhead 

and Bulkhead 

Support Off 

Axis 

Fx= 149kN 

Fy= 17.25kN 

Loads should be 

applied in the 

front bulkhead 

plane at the 

centre of the 

front bulkhead 

Fixed displacement in all 

directions but not rotation of 

the bottom nodes of both sides 

of the main roll hoop and 

points where the shoulder 

harness tube is connected. 

Maximum allowable 

deflection: 25mm 

There must be no 

failure in any part of 

the structure. 

 

Table 1: FSAE 2012 structural requirement for chassis [1] 

2.2.4 Crash worthiness 

In contrast to the torsional stiffness requirement, the crash test requires gradual 

absorption of energy in order to lessen the peak force and acceleration passed to the 

driver. This implies that lower stiffness is desired for energy to be absorbed during 

impact [12]. Consequently, it is vital to design a chassis that is sufficiently stiff to 

withstand torsional load as well as absorb impact energy. The impact attenuator, a 

deformable, energy absorbing device located forward of the Front Bulkhead [1] is 
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attached to the front of the car in order to achieve this purpose. It is an essential part 

of the Formula SAE vehicle and is a very vital structure of the car because it is a 

“safety barrier between the driver and the impacted surface” [20]. 

Crash performance has become one of the main fields of study of automotive 

passive safety [23]. Based on past experience, it is believed that the probability of 

the vehicle running into a solid object, like curb or loading dock is very high [8]. The 

FSAE functional requirement of the impact attenuator is that: when the device is 

mounted on the front of a vehicle with a total mass of 300kg, the average 

deceleration and peak deceleration should not exceed 20g and 40g respectively 

when the vehicle impacts non-yielding impact barrier at 7m/s. Total energy absorbed 

must be at least 7.35kJ [1].  

Usually, when crash occurs, physical injury results when deformation of the 

biological system is beyond an endurable limit that can lead to damage to anatomical 

features of the occupants body [28]. A parametric study of injury risk in collisions of 

race cars designed for the European Formula Student completion was presented by 

Davies et al [28]. Motivation to perform this study was owed to the fact that “only a 

limited assessment of driver safety is needed for this competition” [28]. As discussed 

in the paper, the FSAE regulation is deliberately put together to give flexibility in 

designing the Impact attenuator.  

There are also geometry restrictions in the design of the impact attenuator. The 

minimum length is 200mm and must be at least 100mm high and 200mm wide for a 

maximum distance of 200mm forward of the Front bulkhead [1]. In the event of 

impact, it is required that the device should not penetrate the Front bulkhead and 

should not be part of the structural bodywork, but instead be securely and directly 

mounted to the Front bulkhead [1]. When off-centre and off-axis impacts occur, it is 

imperative that there is sufficient load path for transverse and vertical loads [28, 43]. 

It is further stated in the regulation that on all racing cars, anti-intrusion plate must be 

incorporated. This can either be made of 1.5mm solid steel or 4.0mm solid 

aluminium. Moreover, all non-crushable objects such as master cylinders, batteries, 

hydraulic reservoirs must be located rearward of the bulkhead as they are not 

allowed to be in the impact attenuator zone [1]. 

Several studies have been carried out in developing crash absorbers. In fact, at the 

University of Leeds, Munusamy and Barton [20] designed an Impact attenuator 

based on an array of thin-walled tubes. Experimental and numerical simulations of 

axial quasi-static and dynamic crushing of empty tubes filled with honeycomb was 

carried out. The discrepancies in load-displacement data were also observed for 

both the empty and honeycomb filled tubes. 

In addition, Zarei et al [18] designed an optimum filled crash absorber design (see 

fig. 8). This involved axial and oblique experimental crash tests of the tube. 

Correlation was carried out with LS-DYNA giving satisfactory outcome. Multi-design 
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optimisation (MDO) technique has been applied to maximise absorption of energy 

and specific energy absorption of square, rectangular and circular tubes.  

 

Fig 8: Finite element model of a race car structure with Impact attenuator [18] 

Strobl et al [22] investigated the crash behaviour of the nose cone of an F1 racing 

car impact structure. They developed finite element models for dynamic simulations 

with LSDYNA with emphasis placed on the composite material modelling. In terms of 

crushing mechanism, energy absorbed as well as deceleration levels, numerical 

results were compared to crash test data. 

A thin isotropic thermo-viscoplastic cylindrical shell was analysed by Wei et al [38]. 

The dynamic buckling of this device under compression by a uniform axial 

prescribed velocity was analytically and numerically investigated. The calculated 

buckling modes were found to correlate with published experimental data. In 

addition, the variation of buckling behaviour with regards to location of imperfections 

was also discussed 

A finite element method was developed by Ishiyama et al [40] to estimate the impact 

response of three dimensional thin-walled structures. Simulations were carried out to 

observe the softening effect of the force-displacement characteristics under bending, 

torsional loads and axial compression by using a non-linear Maxwell model. In the 

end, acceptable level of correlation between calculated displacements, axial forces 

of members and test results was achieved. 

Obradovic et al [41] showed that carbon fibre composites perform very well in crash. 

This research involved designing an Impact attenuator for a Formula SAE car (see 

fig. 9); the crash behaviour of the brittle composite material was studied using a 

simplified analytical model and finite element model. LS-DYNA was used to predict 

the crush pattern as well as stiffness of the Impact attenuator. 



Chassis and Impact Attenuator design for Formula Student Race car 
 

11 
 

 

Fig 9: The racing car of Polytechnic of Turin for season 2008 and FE model of the produced crash absorber.  [41] 

 

Similarly, Rising et al [44] analysed the frontal impact of a Formula SAE vehicle. The 

aim of this exercise was to evaluate the risk of injury to the driver during frontal crash 

scenario. More so, the analysis emphasises the importance of having a good 

headrest design to absorb the head’s impact energy. It was also suggested that to 

minimise driver’s injury, tubes should be securely mounted at a sensible distance 

from the leg of the driver. 

Moreover, Williams et al [46] investigated the impact behaviour of the frontal part of 

the Caterham 7 (see fig. 10 & 11).  Detailed simulations were carried out using finite 

element vehicle model to replicate a rigid barrier test. This provided an 

understanding of the overall impact event as well as individual component 

contributions. As a result, excellent correlation was achieved between test and 

simulation results. 

 

Fig 10: Finite element mesh of the Caterham 7 vehicle model  [46] 
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Fig 11: Actual and predicted shell model of Caterham 7 impact attenuator  [46] 

 

2.3 Computer Aided Engineering (CAE) design approach 

The traditional design approach for most structural components is not function led in 

the first instance [14]. Functional inputs are seldom used to create first CAD design. 

This is then assessed using CAE and problem areas are fixed subsequently with the 

help of the designer’s know-how. Such approach is likely to allow only product of 

marginal enhancements and optimum solutions are not known [9]. However, with the 

help of a CAE-led design approach method, efficiency can be significantly improved. 

Nowadays, weight reduction has become a key factor in the automotive industry: not 

only for sport car makers, but also for economy car manufacturers [5]. As a matter of 

fact, conflicting performance targets that need to be met have been imposed by 

safety standards and emission regulations [3]. It is notable that optimisation 

techniques are still not very much utilized in spite of the fact that the topic is well 

understood and the system is comparatively readily available and cheap to 

implement [7]. The environment and cost of design is being focused on increasingly.  

Some designers are now applying optimisation techniques at early stages of design 

process. Roots et al [6] carried out a thorough design and development of a TVR 

chassis using MSC/NASTRAN. This exercise was aimed at generating a closed box 

structure to carry a torsion load. A 500% increase in torsional stiffness was achieved 

over the original chassis.  

Moreover, “eDICT (Evolutionary Design in Chassis Technology) software [14] was 

developed by ThyssenKrupp to generate optimum solution for chassis design. This is 

helped by advanced cluster systems controlled by Altair PBS professional load 

management. The overview of the design approach employed is shown in fig. 12. 

This process has helped the company not only in producing lighter design solutions, 

but also to reduce cost by huge margin. 
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Fig 12: The Design approach using ThyssenKrupp eDICT Process [14] 

Similarly, CAE design driven process combined with the utilisation of timescale 

reduction and optimisation technologies is used by SAIC Motors to meet aggressive 

vehicle program time scales [42].  The routine and extensive use of process 

automation and optimisation through vehicle programs enhance vehicle performance 

and reduce timing whilst minimising cost. 

 

Fig 13: Optimisation of R56 cross beam [7] 

Furthermore, Finite Element Analysis was applied in the optimisation of a Die cast 

component to reduce development costs and time [7]. GENESIS was used to 

generate structural load-path in the design of R56 cross beam (see fig. 13). 

It is apparent that if a new design approach involving optimisation is adopted, a 

remarkable performance improvement and weight savings can be obtained. 

 

2.3.1 Structural design and Optimisation 

Structural design tools comprise of topology, topography and free-size or gauge 

optimisation. Other techniques such as sizing, shape and free shape optimisation 

are also available for structural optimisation [19]. The following are important in the 

definition of any Finite Element based optimisation problem [9]: 
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i. Design space or space of possible solutions – this is often given by mesh 

ii. Variables 

iii. Objective(s) – usually mass minimisation 

iv. Constraints – e.g. stiffness and/or displacement targets 

Topology optimisation is a “non-traditional optimisation technique [3]. At an early 

stage of design, it is an efficient method of solving structural mechanics problem. It is 

used to investigate where the most efficient structural load-paths are within a 

structure. This is a “specialisation of material optimisation, forcing zero/one answers” 

[7]. The density of the material can vary with continuity between zero and full density. 

More so, there is a non-linear relationship between stiffness and the material density 

as shown in the equation [3]. 

p

o

oEE 














………………………. (3) 

Where E,  and p are stiffness of the material, density and penalty factor 

respectively, while the subscript “0” stands for full density material properties. 

This optimisation method was firstly introduced by Bendsoe et al [9]. The most 

common commercial software package used for this process is Optistruct. This 

product of Altair Hyperworks is an award winning CAE tool for conceptual design 

synthesis and structural optimisation. It uses the capabilities of Radioss and Motion-

solve to compute responses for optimisation [19].  

Topology optimisation aims at finding optimum material distribution within the domain 

depicted by a finite element mesh [3]. The end result of topology optimisation is a 

load path. A load path represents the paths through which forces are transmitted into 

the structure [8]. Fig. 14 shows the topology optimisation domains (design space) 

and results of a spider vehicle chassis [3].  

 

Fig. 14: Topology optimisation of a spider vehicle chassis [3] 

A methodology to determine the optimal distribution of moment of inertia for an 

automotive chassis was presented in [5]. Improvement in NVH performance was 

achieved by optimising the distribution of stiffness in the chassis structure. The 

chassis was reduced into 1D beam elements in order to simplify the analysis. Even 
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with this, the correct moment of inertia for each section, the inertias were increased 

without adding a large quantity of mass into the design. Fig. 15 shows the design 

which was achieved through topometry optimisation.  

 

Fig.15: Topometry optimization results [5] 

Also in [15], the Force India Formula One team carried out optimisation of a 

composite race car front wing using Optistruct 9.0 by implementing a 3-stage 

approach. The objective was set to minimise mass, whilst all strength and stiffness 

target were met. 

In size and free shape optimisation, variables are assigned to perturbation vectors 

that control the shape of the model. Similarly, variable can also be assigned to 

properties. This controls the thickness, area, moment of inertia, compliance, and 

non-structural mass of elements in the model [19]. For example, Biancolin et al [11] 

carried out shape optimisation for a structural design by means of a finite element 

method (see fig. 16). The optimum shape of a three-dimensional structure was found 

to obtain minimum weight with prescribed constraints on stiffness and maximum 

stress.  

 

Fig. 16: Shape optimisation (Original model on left, new model on right) [11] 

In addition, Reed [61] utilised topology, size and shape optimisation in developing a 

“Body-in-white” structure which met the required structural targets. This technique 

was used to distribute material across the structure in a very efficient way. 
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2.3.2 Design of Experiments  

Design of Experiment (DoE) is another useful method in supporting the process of 

finding the right design. This approach enables screening exercise to be carried out 

to reduce the number of design variables [4].  The DoE represents the way the 

design variables are combined for a study. This technique performs a parameter 

study with a minimum number of designs to obtain as complete as possible 

information about the design space [19].   

Most Automotive OEMs employ Hyperstudy for this purpose. This software combines 

parameter studies using DoE approaches and sequential response surface 

optimisation [24]. Fig. 17 shows how Altair Hyperstudy works. 

 

Fig. 17: General overview of how Hyperstudy works [19] 

The following are some of the DoE methods supported by Hyperstudy [19]: Full 

factorial – This is only used where there is small number of factors and number of 

factor levels, Fractional Factorial – They are employed where it is required to reduce 

the number of runs to extract vital information reading the significant effects and “two 

factor interactions” [19], Hammersley Sampling – It uses practically lesser samples 

to provide robust approximations of output data. “It also generates good, uniform 

properties on a k-dimensional hypercube” [19]. 

DoE has been used in the past for design and development of components. It is 

usually applied for non-linear optimisation such as in crash analysis and non-linear 

buckling. As an illustration, Chapple et al [4] carried out a Hammersley DOE study to 

investigate the effect of shapes changes on the buckling performance of a Single-

shell lower control arm using Hyperstudy and Abaqus.  HyperOpt algorithm was then 

used to fine tune the local maxima buckling value which met ninety-eight per cent of 

the performance targets.  

An optimal crash analysis of a vehicle based on DoE was carried out by Lei et al 

[23]. This method was used to find the shortages of the car body and to optimise the 

body structure in order to improve crash worthiness. Also, a parameter and 

optimisation studies for crashworthiness design was carried out in [24]. This 
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employed the use of LS-DYNA and Altair Study Wizard (Hyperstudy). Based on 

design sensitivity analysis with Analysis Of Variance (ANOVA) plot, a response 

surface computation was conducted in order to determine which design variable was 

driving the energy absorption of the Crash beam. 

The mode of collapse of crash tubes is strongly influenced by energy absorption [37]. 

Many researchers have examined parameters which may influence the crushing 

pattern of tubes under quasi-static and dynamic axial loading. Zarei et al [30] 

performed axial impact crush test on empty and foam-filled square aluminium tubes. 

Multi-design optimisation (MDO) approach was used to optimise the square 

rectangular tubes for maximum energy absorbed and minimum mass. This process 

was simulated using explicit finite element code LS-DYNA. Practical considerations 

and manufacturing requirements were also included in the optimisation process as 

constraints.  

Furthermore, “Crushing analysis and multi-objective crashworthiness optimisation of 

honeycomb-filled single and bi-tubular polygonal tubes” was presented by Yin et al 

[31]. Non-linear finite element analysis was employed in investigating the energy 

absorption capabilities of honeycomb-filled single and bi-tubular polygonal tubes. A 

multi-objective particle swarm optimisation algorithm was then used to achieve 

maximum specific energy absorption capacity as well as minimum peak crushing 

force. 

Hou et al [32] produced optimal design for tapered tubes of hollow single, foam-filled 

and collinear double tubes by using a response surface method (RSM) to represent 

the complex crashworthiness objective functions. The response surface models of 

specific energy absorption and the maximum impact load was constructed by 

applying design of experiments of the factorial design and Latin Hypercube sampling 

techniques. 

The influence of incorporating indentations in thin-walled conical tapered tube was 

studied in [34]. In this study, the design variables were selected to be number of 

indentations, the radius of indentations, the tube thickness and the taper angle. 

Surrogate models were then used to optimise crush force efficiency and specific 

energy absorption. Notably, a compromise was provided between these two design 

objectives. 

Nagal et al [35] employed a validated FE model to study the axial crushing of 

tapered thin-walled rectangular tubes under quasi-static loading. The effect of 

varying the tube wall thickness, taper angle, numbers of tapers and cross-section 

dimensions on energy absorption were statistically analysed. More so, Ahmad et al 

[36] extensively investigated the dynamic response and energy absorption of 

aluminium foam-filled conical tubes under axial impact loading by employing non-

linear finite element techniques. The effect of material, geometry and loadings on the 
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impact response was studied using validated numerical models. This work confirmed 

the fact that foam-filled conical tubes are better impact energy absorbers.  

The behaviour of foam-filled square aluminium beams under bending was 

investigated by Zarei et al [52]. The crashworthiness of the aluminium beams was 

improved by means of optimisation procedure to maximise the energy absorption per 

unit mass of the square beams. In addition, a well detailed study was carried out to 

find out which optimum foam-filled beam absorbed the same amount of energy as 

the optimum empty tubes with lesser mass. At the end of this exercise, it was shown 

that foam-filled beam would absorb same energy with 28 per cent less mass. 

Sun et al [53] presented a robust method of multi-objective optimisation for vehicle 

design by employing “dual response surface model and six sigma criteria”.  This 

enabled the influence of system uncertainties to be considered on different 

objectives.  The approach eliminates the need to formulate a single cost function 

with regards to combining multiple objectives. 

The energy absorbed by cylindrical tube was maximised by Lee et al [54] using a 

surface response based on stochastic process. This process is an effective way of 

modelling the non-linear, multi-modal functions that is encountered in day-to-day 

engineering. Apart from the fact that general global optimisation process was carried 

out for non-linear problem, approximation surface was also constructed. Excellent 

correlation was achieved when numerical deformed shape of the cylinder was 

compared to that generated from adopting classical optimisation method. Bigi [39] 

also used this process with PAMCRASH to investigate the impact of a mechanical 

system against a rigid barrier. He modelled the actual response by “a piecewise 

idealisation” that gathers together many response surface interpolations. 

Similarly, multi-point approximation technique based on response surface 

methodology was adopted in optimising the crash performance of a tapered tube by 

Chianduss et al [55]. In this study, the objective was to minimise the ratio between 

the maximum and mean crushing loads. The sensitivity of sheet thickness and 

modulus of elasticity of the material was also carried out to understand their 

influence on the performance of the designs. In the end, it was observed that there 

were two geometrical configurations that exhibited small load uniformity. 

The shape of conical impact attenuators with elliptical cross-sections was optimised 

by Lanzi et al [56] using a global approximation strategy. Radial basis functions were 

built with the aid of a minimum number of finite element analyses. This was then 

used to approximate the crash performance of the design models. “Constrained 

single and multi-objective optimisations” were executed using response surfaces 

coupled with Genetic algorithm. This technique helped to produce crash absorbers 

with stable crush fronts and high energy absorption with a mass reduction of 7%. 

Xiang et al [57] adopted “a two-step RSM-Enumeration” algorithm to solve mixed-

type variables optimisation problem. This process incorporated the modelling of spot-
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weld with their numbers being design variables. It was discovered that the 

crashworthiness of the thin-walled hat sections under axial crushing force is greatly 

influenced by the distance between spot-welds. This was due to its effect on folding 

length.  

The “partition energy absorption of axially crushed aluminium foam-filled hat 

sections” [58] was studied by Song et al. This involved developing “a systematic 

approach” in the partitioning of the energy absorption into two components: foam 

filler and the hat section. This is then followed by studying the contribution of each of 

this component to the overall interaction effect. More so, volumetric strain as well as 

displacement of the energy dissipation regions was empirically evaluated. 

Finally, a well-known software code called HEEDS (Hierarchical Evolutionary 

Engineering Design System) was employed by Eby et al [59] to perform shape 

optimisation of a front rail structure. This software package was very efficient at 

combining sets of optimal solutions for all measured performance “in a stochastic 

manner”. Apart from the fact that the crush-zone energy level of the structure was 

maximised, designs which were sensitive to varying of design variables and load 

cases were avoided. 
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3 CHASSIS DEVELOPMENT 

The first part of this project is to design the chassis using a CAE led approach. The 

existing F14 chassis is shown in fig. 18. This design weighs 29.7kg and achieved 

torsional stiffness of 330Nm/ o. 

 

Fig. 18: F14 Chassis (29.7kg) 

This chapter presents how an entirely new design was generated by applying 

structural optimisation techniques. The design problem in view of weight reduction 

and increasing torsional stiffness was solved by means of topology optimisation and 

also by applying gauge optimisation at the later stage of the design phase to 

optimise the size of structural members of the chassis. 

 

3.1 Design Optimisation 

Optimisation was used to generate new design and optimal material distribution 

based on a package volume. This process allows one to start with a design that 

already has the advantage of optimal material distribution and is ready for design 

fine tuning. Topology optimisation was first used to generate efficient structural load 

paths that satisfy the required design space and various load cases. 

Based on the existing geometry, a volume model was created using “shrink-wrap” 

process in Altair Hypermesh. This was then followed by topology optimisation of the 

design space. 

Gauge optimisation was also explored to further improve torsional stiffness and 

achieve other performance requirements. The methodology used by Reed [61] in 

developing a Body-in-structure has been adopted in this project. 
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3.1.1 Topology Optimisation 

 

In this project, topology optimisation was performed on the design space to create a 

new topology for the structure, removing any unnecessary material. The resulting 

structure should be lighter and satisfy all design constraints. The process is shown in 

subsequent paragraphs. 

  

3.1.1.1 Finite Element modelling  

 

In order to carry out optimisation, building a finite element model of the package 

volume is the first step. Hypermesh was used to pre-process the model as well as to 

set up the optimisation. Afterwards, Optistruct was used to perform the optimisation. 

The package volume defined as the available design space which the chassis must 

fit (see fig. 19) was evaluated based on the existing design and is meshed with 3D 

tetra elements (CTETRA - tetrahedral) to provide a finite element model. Non-

designable region comprising of main roll hop, front roll hop and side-impact 

members which have been designed separately by Connelly [16] to meet the 

stringent FSAE minimum material requirement were meshed with 2D shell elements 

(CTRIA3 - triangle and CQUAD4 - square). The designable and non-designable 

regions were then combined to form the complete package. This was used as the 

base for the initial topology run. It is worth noting that initially the estimated mass of 

the complete package was approximately 1233kg. 

 

 

Fig.19: Designable and Non-designable regions 

 

3.1.1.2 Analysis set up 

 

Having produced the FE model, the following entities are required to be defined in 

order to set up the optimisation problem: 
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 Density design variable: This is the designable regions shown in fig. 19. The 

material is defined as mild steel which properties are as follow: modulus of 

elasticity E - 210 Gpa, density ρ - 7850 kg/m3, Poisson’s ratio ѵ – 0.3. 

 Responses – in this problem, the responses were set to be the displacements 

measured at the load application points. 

 Constraints – This was set to be the maximum displacements of the load 

application points. Symmetry constraint was also applied in the analysis to 

ensure that a symmetric design is obtained. 

 Objective – minimise mass. 

The main design constraint was the torsional stiffness of the chassis. Given that the 

existing design has a torsional stiffness of 330Nm/ o. By recalling equation 2, this 

value was transposed into equivalent displacement as explained below. 

 

Fig.20: Torsional stiffness load case 

Assuming a force of 1000N is applied at both sides of the chassis front-ends in z-

direction (see fig. 20) and the distance between the points where the forces are 

applied is 418mm (approx.), i.e. L = 209mm. Since symmetry constraint was imposed 

on the design, then ∆z1 = ∆z2. Using equation 2, the displacement can be expressed 

as shown: 











K

FL
Lzz tan.21 …………………… (4) 

The equivalent displacement was calculated as 2.31mm. This is the maximum 

displacement that the chassis is allowed at the points highlighted in fig. 20. This was 

then implemented as constraint in the optimisation. 

The other constraints applied in the optimisation process are the structural 

requirements discussed in section 2.2.3 of this report (see table 1). Load cases were 

applied at the relevant application points and corresponding displacements were 

measured as responses. The maximum displacements stated in the rules were then 

implemented as constraints. 
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3.1.1.3 Topology results 

The result of the topology run is shown in fig. 21.The optimisation only used less 

than 5% of the material available in the design space to achieve the performance 

requirement, about 57kg. This calculated mass is not a true value as the generated 

load paths are only indications of what the chassis structure should look like. 

 

Fig.21: Topology results for chassis (see appendix for full description) 

 

3.1.2 Interpretation of topology and further optimisation I 

As argued by Lake et al [7], the result of the topology optimisation is mathematically 

correct, but is not a final solution, and hence needs to be translated into a feasible 

engineering design. “In many ways, this is a limitation of topology optimisation” [7], 

however, the load paths have been identified and an excellent starting point for 

further optimisation has been produced. 

Despite the efficiency of topology optimisation, the process of translating the results 

is not automated. A simplified FE model of the topology is usually created. In this 
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project, the load paths were copied as closely as possible and replaced with 1D 

beam elements (known as CBEAM in Optistruct) having circular sections with outer 

diameters Do , inner diameter Di and thicknesses t. This is aimed at producing an all-

tube chassis, see fig. 22. Moreover, for simplicity of the front hoop bracings design, 

not all the load paths produced by the topology optimisation have been implemented. 

 

Fig. 22: 1D Beam representation of Topology result. 

Base on this concept, gauge optimisation was set up to determine how much 

material is required throughout the structure to guarantee that the torsional stiffness 

and the structural requirements were met. The design variables were the cross-

sectional areas i.e. Do and t of the individual tube members as shown in fig. 23.  

   

Fig.23: Tube cross-section geometry 

In terms of the upper and lower control limits for these parameters, each design 

variable was defined by applying unique property ID for each tube. The lower bounds 

of Do and t for each tube member were set to be the minimum material specifications 

defined in section B3.3 of the FSAE 2012 rules [1], while the upper bounds were set 

to be some arbitrary values greater than the initial values and lower bounds (see 

table 2).  

3.1.2.1 Further optimisation results I 

The results from further optimisation are shown in table 2. The tube sizes have also 

been displayed in 3D for better visual representation as shown in fig. 24. For this 
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concept, it is very interesting to see that all the optimum values of Do and t for the 

tubes calculated by Optistruct are equal to the lower bounds implemented in the 

optimisation, with the exception of the front bulkhead highlighted in table 2. This 

design achieved a torsional stiffness of 1021.3Nm/ o with a mass of 24.5kg, giving a 

specific torsional stiffness of 41.69Nm/ o kg. It is obvious that this value is more than 

three times the performance of the F14 chassis (torsional stiffness of 330Nm/ o). 

 

Fig. 24: Results after further optimisation I “displayed in 3D”  

Part 

number 
Component 

Initial values 

(Do and t)mm 

Lower bound 

(Do and t)mm 

Upper bound 

(Do and t)mm 

Final values 

(Do and t)mm 

1 Main roll hop 28.0 and 2.5 25.4 and 2.4 30.0 and 3.5 25.4 and 2.4 

2 Front roll hop 28.0 and 2.5 25.4 and 2.4 30.0 and 3.5 25.4 and 2.4 

3 
Side impact 

members 
28.0 and 2.5 25.4 and 1.65 30.0 and 3.5 25.4 and 1.65 

4 
Main roll hop 

bracings 
28.0 and 2.5 25.4 and 1.65 30.0 and 3.5 25.4 and 1.65 

5 
Front roll hoop 

bracings 
28.0 and 2.5 25.4 and 1.2 30.0 and 3.5 25.4 and 1.2 

6 Front Bulkhead 28.0 and 2.5 25.4 and 1.25 30.0 and 3.5 25.4 and 1.65 

7 Side tube 1 28.0 and 2.5 25.4 and 1.2 30.0 and 3.5 25.4 and 1.2 

8 Side tube 2 28.0 and 2.5 25.4 and 1.2 30.0 and 3.5 25.4 and 1.2 

9 Side tube 3 28.0 and 2.5 25.4 and 1.2 30.0 and 3.5 25.4 and 1.2 

10 Side tube 4 28.0 and 2.5 25.4 and 1.2 30.0 and 3.5 25.4 and 1.2 

Table 2: Gauge optimisation results I (showing main structural members) 
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3.1.3 Interpretation of topology and further optimisation II 

Previous gauge optimisation showed that by applying minimum values of “Do and t” 

to the tubes, the performance targets especially the torsional stiffness would be 

exceeded. Thus, another optimisation was set up to check if it was still possible to 

achieve performance by implementing other combinations of Do and t. Remarkably, 

the FSAE rules state that alternative tubing and material may be used as long as 

buckling modulus EI is maintained or exceeded, where E is the modulus of elasticity 

and I is the area moment of inertia about the weakest axis. However, the rules also 

specified minimum wall thickness for each part of the chassis if alternative tubing 

were to be used (see section B3.5 of FSAE 2012 rules in appendices). These criteria 

were imposed as constraints in the optimisation. Since all the tube members are 

made of the same material, E is constant, I is the only parameter that can be varied. 

The optimisation was then set up such that as Do and t vary, minimum I is 

maintained. Of course, to maintain I with a smaller t, Do must be increased. The 

formula for calculating I is shown in equation 5. 
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Not all parts of the chassis have been chosen for further optimisation since some of 

them already utilised minimum wall thickness allowed in the alternative steel tubing 

specification. Only part numbers 1, 2, 3, 4 and 6 have been selected. 

3.1.3.1 Further optimisation results II 

Table 3 shows the new combinations of Do and t that have been calculated by 

Optistruct. It can be seen that apart from the front bulkhead (part number 6); all other 

components selected for optimisation have new set of values for Do and t. 

Part 

number 
Component 

Initial values 

(Do and t)mm 

Lower bound 

(Do and t)mm 

Upper bound 

(Do and t)mm 

Final values 

(Do and t)mm 

1 Main roll hop 25.4 and 2.4 25.4 and 2.0 30.0 and 3.5 26.0 and 2.0 

2 Front roll hop 25.4 and 2.4 25.4 and 2.0 30.0 and 3.5 26.0 and 2.0 

3 
Side impact 

members 
25.4 and 1.65 25.4 and 1.2 30.0 and 3.5 26.0 and 1.25 

4 
Main roll hop 

bracings 
25.4 and 1.65 25.4 and 1.2 30.0 and 3.5 26.0 and 1.25 

6 Front Bulkhead 25.4 and 1.65 25.4 and 1.2 30.0 and 3.5 25.4 and 1.65 

Table 3: Gauge optimisation results II (showing main structural members) 

This design weighs less than Concept I (23kg) with a reduced torsional stiffness of 

978Nm/ o. (specific torsional stiffness = 42.52Nm/ o kg). 
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3.1.4 Interpretation of topology and further optimisation III 

Now that the dimension of the tubes have been evaluated. Another concept was 

proposed which was aimed at generating a design comprising of combination of 

tubes and sheet component. This concept made it possible to copy all the load paths 

between the front roll hop and front bulk head as shown in fig. 25.  A gauge 

optimisation was then set up to determine how thick the sheet component has to be 

in order to achieve performance. Optistruct was allowed to choose between lower 

limit – 1.0mm and upper limit – 3.0mm. This design used the same tube dimensions 

as Concept I. 

 

Fig 25: Representation of Topology result using tubes and sheet component “visualized in 3D”  

 

3.1.4.1 Further optimisation results III 

At the end of the optimisation, the optimum thickness of the sheet component was 

calculated to be 1.48 (≈ 1.5mm) and torsional stiffness was 747.4Nm/ o. This concept 

weighs 25.7kg giving a specific torsional stiffness of 29.08Nm/ o kg. 

 

3.2 Discussion 

Initial topology optimisation generated efficient load paths which have provided a 

very good starting point for further optimisation. The topology was translated into two 

main concepts: Concept I & II - all tube design and Concept III - tube and sheet 

component design. 

Having interpreted the topology into tubes, gauge optimisation has been used to 

determine the cross-sectional areas of each tube member. For Concept I, the lower 

bounds were set to be the minimum material specification stated in section B3.3 of 
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the FSAE 2012 rules. Apart from the front bulkhead, the final Do and t chosen for all 

other components are equal to the lower bounds. This yielded a 24.5kg chassis with 

a specific torsional stiffness of 41.69Nm/ okg. 

Similar to previous design, a new gauge optimisation was set up. It involved 

implementing alternative tubing requirements stated in section B3.5 of the rules. This 

allowed the use of tubes of smaller thicknesses. In doing this, it was made sure that 

bulk modulus EI was still maintained. A lighter solution of 23kg (Concept II) was 

produced with specific torsional stiffness of 42.52Nm/ okg. 

Concept III made it possible to utilise all the load paths generated between front roll 

hop and front bulkhead in the topology optimisation by incorporating a sheet 

component. Holes were cut out from the sheet to mimic the results from the 

topology. Gauge optimisation enabled the optimum thickness of the sheet to be 

evaluated. Unfortunately, due to reduction in torsional stiffness and increase in 

mass, this design gave the lowest specific torsional stiffness. However, it is still 

better than F14 chassis. 

Table 4 shows the comparison between F14 chassis and all the design proposals. Of 

all the new F15 designs, Concept I has the highest torsional stiffness, but Concept II 

gave a better specific torsional stiffness. Concept III is the heaviest and least stiff. 

In summary, in terms of mass and torsional stiffness, all the F15 concepts are better 

than F14 chassis. 

 

Chassis 
Mass 

(kg) 

Torsional stiffness 

(Nm/
 o

) 

Specific torsional stiffness 

(Nm/
 o

kg) 

F14 29.7 330.0 11.11 

F15 Concept I 24.5 1021.3 41.69 

F15 Concept II 23.0 978.0 42.52 

F15 Concept III 25.7 747.4 29.08 

Table 4: Summary of chassis design concepts 
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4 IMPACT ATTENUATOR DEVELOPMENT 

An Impact attenuator is designed to absorb energy at the start of a crash and guide 

impact forces into the rest of the car body structure. At low speed, the damage to the 

race car should be minimised. Similarly, at high speed, the device should guide 

forces generated from the impact into the car body structure in a manner that the 

possibility for collapse is low and most essentially to prevent driver’s death. 

This section describes how the Impact attenuator was developed using a DoE 

approach. In this project, thin-walled shell type design has been selected. It has 

been proven by many researchers that this type of crash absorber dissipates energy 

under adverse effects of impact and thus offers excellent protection to the structure 

being considered [36]. More so, since they are cheap, efficient and reliable, they are 

popularly used as energy absorbing devices [38]. Parametric study is carried out to 

understand how wall thickness and shape of the impact attenuator influence its crash 

performance. This exercise would then enable the geometry to be optimised for 

specific energy absorption. 

 

Fig.26: General geometry of proposed crash tubes based on FSAE rules 

Fig. 26 shows the schematic diagram of the crash tubes in consideration. The 

dimensions have been selected with regards to the FSAE rules: H = 200mm, D 

=200mm, d =100mm. Also, the initial thickness, T was 2.0mm. 

In the next chapter, the crash worthiness of the Impact attenuator coupled with the 

chassis itself is finally accessed for Energy absorption and deceleration stated in the 

FSAE regulations. 

4.1 Finite Element simulation of crash 

There are many FE codes available commercially like PAM-CRASH, LS-DYNA, 

Radioss and Abaqus Explicit. In this project, FE crash simulations were carried out 

using LS-DYNA v971. This is an explicit, non-linear finite element code that provides 

several material models [29]. FE models were created using Hypermesh by setting 

the user’s preference to LS-DYNA and the post-processors used were Altair 

Hyperview and Hypergraph. 
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4.1.1 Finite Element modelling 

The crush tubes as well as the rigid barrier were modelled with four-noded 

“Belytschko-Lin-Tsay shell element” which is based on combined co-rotational and 

velocity-strain formulation having five integration points through its thickness [34, 45]. 

The efficiency of this element is derived from simplifying these two kinematic 

assumptions [34].  

The material type for the impact attenuator was chosen to be “Material type 24 

elasto-plastic material” [45]. The material selected was aluminium alloy AA6063T6 

which mechanical properties are as follow - density 2700 kg/m 3, Poisson’s ratio 0.33, 

elastic modulus 68.9Gpa, yield stress 225Mpa and tangential modulus 0.8099Gpa 

[47]. Strain rate effect was ignored in the analyses since this alloy is strain rate in-

sensitive [38]. The strength-to-weight ratio of aluminium makes it a good candidate in 

crash application [50] as it has become a very popular choice of crash absorber 

material particularly in the automotive industry [48]. Similarly, the rigid barrier is 

modelled with “Material type 20 rigid material”. 

The contact between the impact attenuator and the barrier was defined as 

SURFACE-TO-SURFACE contact in LS-DYNA with the static and kinematic co-

efficient of friction selected as 0.2 and 0.1 respectively [29, 45]. Similarly, SINGLE-

SURFACE contact algorithm was adopted to handle self-contacts of the tubes due to 

folding [29]. 

 

4.1.2 Mesh independency and solution convergence test 

Convergence study was carried out to determine the optimum mesh size for the 

proposed impact attenuators. Similar to the study carried out by Mirfendereski et al 

[33], the variation of section force with mesh size was examined. The conical frustum 

design was chosen for this investigation. Fig. 27 shows the convergence of the initial 

peak force in relation to mesh size. It was seen that element size of 3mm by 3mm 

was good enough to give accurate results. In fact, this mesh size has been proven 

by many researchers to give accurate results from crash analysis in many literatures 

[33, 47]. 

Based on the schematic diagram in fig. 26, four initial design concepts (shown in fig. 

28) were created. These are cylindrical, conical frustum, square, and square frustum 

sections. The cylindrical and square shaped tube geometries were meshed with 

100% four-nodded elements, but the frusta have around 3-4% triangular (or three-

nodded) elements. This was to ensure that 3mm side length was maintained 

throughout the mesh. 
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Fig. 27: Convergence of initial peak force vs. Mesh size for conical frustum tube 

 

 

 

Fig. 28: Finite element model of the different crash tubes to be analysed 
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4.1.3 Load and boundary conditions 

The FSAE functional requirement [1] for the impact attenuator is that: when the 

device is mounted on the front of a vehicle with a total mass of 300kg, the average 

deceleration and peak deceleration should not exceed 20g and 40g respectively 

when the vehicle impacts a non-yielding impact barrier at 7m/s. Total energy 

absorbed must be at least 7350Joules. 

Considering the above requirements, the simulation was set up as follow: a rigid 

barrier is fixed in all translational and rotational directions, whilst the impact 

attenuator is made to translate only in x-direction towards the rigid barrier with an 

initial velocity of 7m/s and a mass of 300kg attached to it (see fig. 29). 

 

Fig. 29: Description of Load and boundary conditions for crash scenario 

Ideally, this should generate an initial kinetic energy of “
2)(5.0. vmMEK  ”, where 

M and m are the masses of the vehicle and impact attenuator respectively, v is the 

initial velocity. This should give “ )5.247350(. mEK  joules”. 

As shown in fig. 29, to prevent the tube from folding over the end, another rigid wall 

is placed at one end of the device and the same boundary condition as the impact 

attenuator is applied to it. 

4.1.4 Analysis of initial design concepts 

Using the above load and boundary conditions, FE models of the four initial design 

concepts were created in Hypermesh as shown in fig. 28. These were analysed and 

their respective energy absorption and section-force plotted (see fig. 30 & 31). A 

more specific criterion and important parameter for applications where the mass of 

the structure is also vital, energy absorption per unit mass known as “specific energy 
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absorption (SEA)” is also presented. The performances of the initial designs are 

compared in table 5 

 

Impact 

Attenuator 
Mass (kg) 

Kinetic 

Energy (J) 

Max. Energy 

absorbed (J) 

Max. SEA 

(J/kg) 

Max. Section 

force (kN) 

Cylindrical tube 0.679 7366.27 7200.61 10604.73 141.72 

Conical frustum 

tube 
0.524 7362.58 7160.54 13665.15 112.33 

Square tube 0.864 7370.72 7239.27 8378.79 119.89 

Square frustum 

tube 
0.668 7366.04 7126.12 10667.84 81.13 

Table 5: Performance comparison of all initial design proposals 

 

 

Fig.30: Energy absorbed vs. Time for the four design concepts 
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Fig. 31: Section force vs. displacement for the four design concepts 

It is apparent that the square tube absorbed the highest amount of energy, but with a 

higher mass compared with the rest of the design. Since this project is not only 

focused on energy absorption, but also on specific energy absorbed, the best design 

is therefore the conical frustum tube which also produced a moderate amount of 

section force.  

The crush mechanisms of all the crush tubes are depicted in fig. 32 - 35. Obviously, 

the square tube produced the most crushing distance. However, the mass and 

hence, low value of SEA makes it undesirable. 

 

 

Fig. 32: Deformation patterns of cylindrical tube 
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Fig. 33: Deformation patterns of conical frustum tube 

 

Fig. 34: Deformation patterns of square tube 
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Fig. 35: Deformation patterns of square frustum 

 

4.2 Optimisation of Conical frustum impact attenuator 

This section presents the optimisation of the tapered thin-walled tube. The Impact 

Attenuator is required to absorb as much total strain energy as possible during the 

deformation with minimum mass [32]. Although the conical frustum tube design has 

the highest specific energy absorbed, however the energy absorption is still lower 

than target value. Moreover, the mass of the structure needs to be minimised as 

much as possible in order to maximise SEA. Another critical performance index is 

the maximum impact force, Fmax. In terms of vehicle safety, it is desired that this 

value is minimised. The smaller the Fmax, the lower the deceleration, hence the 

higher the safety [32]. However, SEA is directly proportional to Fmax and this implies 

that these performance indices could conflict with each other. 

The obvious design variables are the wall thickness and the semi-apical angle of the 

tube. Other features that can be incorporated into the tube are asymmetric 

protrusions and/or indentations. It is imperative to note that optimisation without 

considering at least two of these parameters simultaneously as design variables 

could miss the true optimum and lead to inefficient designs [29]. Generally, for a 

given geometry, wall thickness and semi-apical angle have substantial effects on 

crash absorption. 

In order to optimise the conical frustum tube to maximise SEA and minimise Fmax, 

optimisation is carried out in two stages: (I) one which wall thickness and semi-apical 
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angle are design variables and (II) the other with shape and number of asymmetric 

protrusions/indentations are design variables. 

4.2.1 Parametric study I (based on thickness and semi-apical angle) 

The aim of this study was to examine the relative influence of wall thickness and 

semi-apical angle on the force required to crush the tube and the ensuing energy 

absorption. 

A Design of experiment study was first set up based on the wall thickness and semi-

apical angle of the tube.  

Using the notations in fig. 36a, the semi-apical angle α can be expressed as: 








 
 

H

dD

2
tan 1 ………………………… (6) 

Where D and d are the big and small diameters respectively, while H and T are the 

height and thickness of the frustum. In order to change α, only d is varied, T is also 

varied to change the wall thickness, but all other parameters are kept constant. 

The DoE type selected is Hammersley. Altair Hyperstudy was selected to perform 

this process. With H = 200mm and D = 200mm, the ranges of design variables were 

selected as follow: mmT 5.30.1  and mmd 15075  (i.e.
 13.735.17  ) 

 

Fig. 36a: Schematic of the conical frustum 

The initial values of thickness T and diameter d were 2.0mm and 100mm (
04.14 ) 

respectively. 

Implementing the semi-apical angle as design variable is not straight forward. 

Hypermorph [19], which is accessed via the Hypermesh interface, was used to 

generate shape perturbations (see fig. 37). 



Chassis and Impact Attenuator design for Formula Student Race car 
 

38 
 

 

Fig. 36b: Schematic of the conical frustum showing how d is varied 

 

Fig. 37: Screen shot showing how Hypermorph was used to modify semi-apical angle 

 

With reference to fig. 36b, the shape variables were expressed in terms of multipliers 

“S” in Hyperstudy; dmax = 150mm is given a value of S = 1 (upper value) and dmin = 

75mm, S = -0.5 (lower value), the rest of these values were determined by linear 

interpolation. Equation 7 explains the linear relationship between S and d: 

Sd 50100 …………………………… (7) 
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By launching Hyperstudy from inside Hypermesh, the thickness and the shape 

perturbations were automatically recognised as potential variables. This made it 

easy for them to be assigned upper and lower values. Furthermore, the following 

entities were extracted as responses: Maximum kinetic energy, Maximum energy 

absorbed, Maximum section force, estimated mass and specific energy absorbed. 

The effects of design variables on these responses were evaluated. 100 DoE runs 

were set-up to determine the response surface for the number of variables used. 

 

4.2.1.1 Response Surface I 

Approximation, an expression which relates the response back to the varying design 

variable was used to generate a response surface [19]. A polynomial “Moving Least 

Squares Method” in Hyperstudy was used to define this. The overall efficiency of this 

process is hugely influenced by suitable selection of a DoE [54]; the number of DoE 

runs was able to generate acceptable response surfaces. 

The response surfaces for all the extracted responses relating to the design 

variables – shape S and Attenuator thickness T are shown in fig. 38 - 42. It can be 

observed that the measured responses especially maximum section-force Fmax is 

more influenced by wall thickness than semi-apical angle.  

 

Fig. 38: Response surface relating Kinetic energy to shape and wall thickness  
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Fig. 39: Response surface relating Energy absorbed to shape and wall thickness  

 

Fig. 40: Response surface relating maximum section force to shape and wall thickness  
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Fig. 41: Response surface relating estimated mass to shape and wall thickness  

 

 

Fig. 42: Response surface relating specific energy absorbed to shape and wall thickness  
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4.2.1.2 Optimisation I 

This section details the problem description of optimising the crash performance of 

the conical frustum tube design The Adaptive Surface Response Method (ARSM) in 

Hyperstudy was used to solve the optimisation problem. This method approximates 

the objective and constraints functions in terms of design variables using a second 

order polynomial form. The polynomial coefficients for the objective and each of the 

constraint functions are determined using a least square technique [19]. 

The optimisation was aimed at maximising SEA and minimising Fmax. Only one of 

these entities can be utilised as objective at one time. It is predictable that energy 

could be absorbed as much as possible “per unit mass” by an impact attenuator [31], 

thus the objective was chosen to maximise SEA, while Fmax was implemented as a 

constraint. Another implemented constraint was energy absorbed EA (see Tables 6a 

& 6b) 

 

Table 6a: Selecting objective in Hyperstudy 

 

Table 6b: Applying constraints in Hyperstudy 

In the first instance, the optimisation was set such that EA   7350J and Fmax90kN. 

After 25 iterations, the ARSM optimiser stopped without converging to a solution. 

This was due to the fact that the constraint EA could not be satisfied (best value 

being 7180.26J). In spite of this, it could be noticed that it was still possible to 

increase SEA, thus reduce mass. The Maximum section force was also seen to have 

significantly reduced. All these can be seen more clearly in table 7 and fig. 43. 

 

Table 7: Hyperstudy optimisation history table – 1a 
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Fig. 43: Hyperstudy optimisation history plot of OBJECTIVE (Specific energy absorbed) – 1a 

 

In the second instance, the optimisation problem was set to achieved a reduced 

energy absorbed, EA   7160J. The ARSM optimiser was then able to achieve 

convergence after just 9 iterations (see table 8 and fig. 44).  

 

 

Table 8: Hyperstudy optimisation history table – 1b 
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Fig. 44: Hyperstudy optimisation history plot of OBJECTIVE (Specific energy absorbed) – 1b 

 

 

4.2.1.3 Results I 

The next step is to apply the results i.e. the thickness and shape suggested by the 

optimisation, i.e. T = 1.515mm and S = -0.14063. Applying equation 7, 

)14063.0(50100 d = 93mm, also by applying equation 6, the equivalent semi-

apical angle, 
15 . These values were used to create a new geometry of the tube. 

A finite element was subsequently created and analysed. Fig. 45 & 46 show the 

performance of the optimised design. 

As seen from table 9, the optimised design achieved a slightly better maximum 

energy absorbed with a 35% increase in SEA. Similarly, the maximum section force 

has been reduced by 18.15kN. 

The efficiency of the ARSM optimiser for each of the response is computed in table 

10. It is clear that with the exception of maximum section force, its accuracy in 

predicting the other responses are very good. 

Impact 

Attenuator 
Mass (kg) 

Kinetic 

Energy (J) 

Max. Energy 

absorbed (J) 

Max. SEA 

(J/kg) 

Max. Section 

force (kN) 

Conical frustum 

tube 
0.524 7362.58 7160.54 13665.15 112.33 

Conical frustum 

tube_Optimised_1 
0.390 7359.51 7192.34 18441.90 94.18 

 

Table 9: Performance comparison between baseline and optimised conical frustum tube 
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Fig.45: Comparison between section-forces of the baseline and optimised conical frustum tube 

 

Fig.46: Comparison between Energy absorbed of the baseline and optimised conical frustum tube 

 

Responses ARSM optimiser CAE simulation % Error 

Mass of impact attenuator (kg) 0.386 0.390 1.03 

Kinetic Energy (J) 7359.45 7359.51 0.001 

Max. Energy absorbed (J) 7160.28 7192.34 0.446 

Specific energy absorbed (J/kg) 18695.16 18441.90 -1.37 

Max. Section force (kN) 77.36 94.18 17.86 

 

Table 10: Efficiency of ARSM optimisation I 
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4.2.2 Parametric study II (based on geometry of protrusions/indentations) 

Since the energy absorbed was still lower than 7350J, more improvement was 

required. In the previous investigation, the optimum wall thickness and semi-apical 

angle have been determined giving an improved SEA. In this section, asymmetric 

protrusions and/or indentations are implemented as design variables. This approach 

has been utilised successfully by Acar et al [34]. 

Similar to previous investigation, Altair Hypermorph was used to create four shape 

variables (X1, X2, X3 and X4) at the positions where protrusions or indentations were 

intended to be made on the crash tube (see fig. 51). The heights or depths of these 

features were allowed to be maximum of 3mm and can be either inward (indentation) 

or outward (protrusion) of the tube (i.e. mmX n 33  , where n =1, 2, 3 & 4) as 

depicted in fig. 47. The shape variables were also allocated multipliers S1, S2, S3 and 

S4 in Hyperstudy and were utilized by the ARSM optimiser. The relationship between 

Xn and Sn is straightforward (see equation 8) 

nn SX 3  ……………………. (8) 

Similar to previous parametric study, 100 DoE runs were set-up to determine the 

response surface for the number of variables used. Hypermorph was also used to 

create shape perturbations for the analysis (see fig 48). 

 

Fig. 47: Schematic of intended indentations on the conical frustum tube 
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Fig. 48: Application of shape variables (protrusions/indentations) using Hypermorph 

4.2.2.1 Response Surface II 

New response surfaces are required to carry out optimisation using the protrusion 

and the indentation shapes as design variables. The Moving Least Square 

approximation method was also selected to compute the relationships between the 

measured responses and the shape variables. 

The response surfaces are shown in fig. 49 - 51. Obviously, the relationships 

between the shapes of indentations/protrusions and the measured responses are 

more complex than those of wall thickness and semi-apical angle. 

 

Fig. 49: Response surface relating Energy absorbed to shapes of protrusions/indentations 
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Fig. 50: Response surface relating Maximum section force to shapes of protrusions/indentations 

 

Fig. 51 Response surface relating Specific energy absorbed (SEA) shapes of protrusions/indentations 

 

4.2.2.2 Optimisation II 

The ARSM has also been implemented as the optimisation solver for determining the 

optimum geometries of indentation(s) or protrusion(s) to be incorporated in the 

conical frustum tube. The exercise has been set up to achieve a higher Energy 
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absorbed EA 7350J which is the FSAE requirement for crashworthiness of impact 

attenuator.  

After 12 iterations, the optimisation produced a new solution which achieved EA 

closer to target value and a slightly improved SEA. It can be seen from fig. 56 & 57 

that the ARSM optimiser converged at EA = 7325.25J, which was only 0.34% below 

target. In addition, no spectacular improvement in SEA was produced.  

 

 

Table 11: Hyperstudy optimisation history table – 2 

 

 

Fig. 52: Hyperstudy optimisation history plot of OBJECTIVE (Specific energy absorbed) - 2 

4.2.2.3 Results II 

The values of multipliers suggested by the ARSM optimiser (see table 11), i.e. S1= -

0.0999991, S2 = 0.2145564, S3 = 0.9816325 and S4 = -0.1 were then used to 

calculate heights or depths of protrusions or indentations accordingly using equation 

7: X1= -0.3mm (indentation), X2 = 0.64mm (protrusion), X3 = 2.95mm (protrusion) and 
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X4 = -0.3mm (indentation). It can be seen that two protrusions and two indentations 

have been generated. These were then incorporated into the tube as shown in fig. 

53. The crush pattern and the internal shape of the tube at the end of crash are also 

depicted in fig. 54 & 55 respectively. The results are consistent with the work carried 

out by Acar et al [34]. 

 

Fig. 53: Final optimised conical frustum tube design 

 

Fig. 54: Crush pattern of the final optimised conical frustum tube design 
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Fig. 60 shows the crush pattern of the tube. Interestingly, a uniform pentagonal 

shape was generated. 

  

Fig. 55: Internal shape of the final optimised conical frustum tube design after crash 

The actual energy absorbed and section force are also computed. EA is now almost 

on target with an improvement of about 125J (see fig. 56) whilst Fmax is further 

reduced by another 25.4kN (see fig. 57). The final specific energy absorbed SEA has 

not changed much from the value obtained in previous optimisation. Notably, 

compared to original baseline design, a mass reduction of 0.128kg has been 

achieved.  

 

Fig. 56: Comparison between Energy absorbed of the final design and previous proposals 

In addition, the dynamic force-displacement characteristic (fig. 57) shows that the 

impact attenuator deformed at a fairly constant load for most of the duration of the 

crash, progressively absorbing the impact energy. This would help to limit the level of 

force transmitted to other parts of the race car as well as the driver. The initial peak 
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value of Fmax is 35kN, but a much higher peak force of 69kN is seen towards the end 

of the crash. The level of accuracy of the ARSM optimiser is also detailed in table 13. 

 

Fig.57: Comparison between section-force of the final design and previous proposals 

 

Impact 

Attenuator 
Mass (kg) 

Kinetic 

Energy (J) 

Max. Energy 

absorbed (J) 

Max. SEA 

(J/kg) 

Max. Section 

force (kN) 

Conical frustum 

tube 
0.524 7362.58 7160.54 13665.15 112.33 

Conical frustum 

tube_Optimised_1 
0.390 7359.51 7192.34 18441.90 94.18 

Conical frustum 

tube_Optimised_2  
0.396 7359.65 7317.67 18478.97 68.76 

 

Table 12: Performance comparison between Final design and previous models 

 

 ARSM optimiser CAE simulation % Error 

Mass of impact attenuator (kg) 0.391 0.396 1.26 

Kinetic Energy (J) 7359.58 7359.65 0.001 

Max. Energy absorbed (J) 7325.25 7317.67 -0.10 

Specific energy absorbed (J/kg) 18671.61 18478.97 -1.04 

Max. Section force (kN) 76.56 68.76 -11.34 

 

Table 13: Efficiency of ARSM optimisation II 
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4.3 Discussion 

Analysis of the four initial design concepts showed that the conical tube frustum gave 

the highest SEA of 13665.15J/kg, hence it was chosen for parametric study. The first 

DoE was carried out to study the effect of wall thickness and semi-apical angle on 

the crash performance of the tube. Based on this, a polynomial Moving Least 

Squares approximation method in Hyperstudy has been used to generate response 

surfaces relating the design variables to measured responses. It was seen that SEA 

and Fmax were more influenced by wall thickness than semi-apical angle. ARSM 

optimiser helped to select the optimum combination of the two variables (T   

1.52mm and  
15  ) which maximised SEA and minimised Fmax. The parametric 

study showed that whilst the final thickness was considerably lower than the initial, 

no huge change in α was produced. This meant that the initial value of d selected 

(100mm) was already close to optimum (93mm). At the end of the initial optimisation, 

SEA was increased by 35% and Fmax reduced by 16%. 

Utilising the design produced in the first optimisation as baseline, a new parametric 

study was set-up which utilised geometries of indentations and/or protrusions as 

design variables. As seen from table 4, the subsequent optimisation did not yield a 

considerable improvement in SEA, but Fmax was reduced significantly (from 94 to 

69kN), this peak is seen towards the end of the crash with initial peak force being 

only 35kN. The remarkable decrease in Fmax should guarantee a corresponding 

reduction in peak and average deceleration when the crash tube is mounted on the 

race car. Similarly, EA was increased to a new value very close to performance 

requirement (7318J only 0.4% under target). Notably, the final design produced a 

relatively more stable force-displacement characteristic with a uniform pentagonal 

deformed shape seen at the end of the crash.  

Furthermore, the correlation between results generated from CAE simulation and 

those predicted by ARSM optimiser was good with the exception of Fmax which the 

algorithm over-estimated by 17% in the first optimisation and under-estimated by 

similar amount in the succeeding one (see table 10 & 13). 

Overall, it has been observed that choosing of appropriate wall thickness, semi-

apical angle, protrusion and/or indentation geometry are crucial in the design of a 

tapered thin-walled tube impact attenuator.  
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5 CRASHWORTHINESS OF CHASSIS WITH IMPACT ATTENUATOR 

This chapter details a quick crash assessment of the newly developed impact 

attenuator when mounted on chassis. Since previous crash analysis was based on 

surrogate model, it is essential to see if the device would perform its function when 

attached to the race car chassis. Force-displacement characteristics and energy 

absorbed shall be compared. 

In several structures consisting of tubular crash absorbers, the tubes are usually 

welded onto a “reaction or anti-intrusion plate” [60]. Since an aluminium impact 

attenuator has been designed, it is sensible to also select an aluminium reaction 

plate. With reference to the FSAE rules [1], it is required that a 4mm thick aluminium 

solid plate is incorporated.  

5.1 Finite Element modelling 

The chassis was modelled with a combination of shell and beam elements. From the 

front bulkhead to the main roll hop the chassis was modelled with 2D shell elements 

whilst the rest of the structure which play insignificant role in front crash were 

meshed with 1D beam elements. Also, the welds were modelled as rigid elements to 

join the tube members. Similar to the impact attenuator; “Material type 24 elasto-

plastic material” was used to model the chassis and reaction plate. The chassis was 

made out of mild steel which properties were adapted from Acar et al [34]: Poisson’s 

ratio 0.3, density 7850 kg/m3, elastic modulus 210GPa. Strain rate effects were 

included in the elasto-plastic definition of material, where the strain rate parameters 

C and P were taken to be 0.041/s and 5 respectively for mild steel in the “Cowper-

Symonds model”. In addition, the true stress and true plastic strain values (shown in 

table 14) were also taken from the literature.  

Stress (Mpa) 331 347 390 427 450 469 501 524 533 533 

Plastic strain 0 0.018 0.0374 0.056 0.075 0.093 0.138 0.18 0.23 0.5 

Table 14: True-stress-true plastic strain values for mild steel [34] 

 

5.1.1 Loads and boundary conditions 

The same loads and boundary conditions used in previous chapter were 

implemented. However, the only difference is that the impact attenuator and chassis 

are now being analysed together. This will affect the way in which the mass M which 

accounts for the mass of vehicle plus driver is coupled in the analysis. Now, M would 

constitute the mass of the chassis Mc, driver’s mass Md and the remaining mass Me 

is assumed to account for the engine. It was assumed that Md = 77kg (applied in the 

cockpit area), where Mc   25kg and Me = 198kg (applied at the rear of the race car). 

Md and Me were applied as point masses in the analysis as shown in fig. 58. 
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5.1.2 Crash analysis 

As explained in the beginning of this chapter, in simulating the crash mechanism of 

the chassis with the impact attenuator, several assumptions have been made. As a 

case study, chassis design Concept I has been chosen for crash assessment.   

For comparison between system and surrogate models, energy absorbed and 

section forces generated in the impact attenuator were measured and compared. 

In order to measure how effective the impact attenuator was, section force was 

measured around the cockpit area of the chassis. This was done in order to capture 

the force that would be transmitted to the driver in the event of crash. Similarly, 

deceleration was measured around the cockpit area. These measured entities were 

compared for when the chassis crashed onto the rigid barrier “with and without” the 

impact attenuator.  

 

Fig. 58: System model - Concept 1 chassis design and impact attenuator loads and boundary conditions 

5.1.3 Results I (Comparison with Surrogate model) 

Fig. 59 shows the comparison between the energy absorbed by the impact 

attenuator when treated as surrogate to when mounted on the chassis. It can be 

seen that the maximum energy absorbed predicted is 7109J (about 3% down from 

that predicted from analysis of the surrogate model). 

Also, from the force-displacement characteristics in fig. 60, the initial peak force is 

around 39kN. This is comparable to that of the surrogate model, 35kN. However, the 

analysis did not produce a secondary peak force as predicted in the surrogate 

model. 
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Fig. 59: Comparison between Surrogate and System model absorbed energies 

 

Fig. 60: Comparison between Surrogate and System model force response 

5.1.4 Results II (Effectiveness of impact attenuator) 

Fig. 61 shows the crush patterns of the chassis with and without the impact 

attenuator. Significant amount of buckling in structural members is seen when the 

chassis “on its own” impacts the rigid barrier. In contrast, No bucking was seen in the 

structural members when the impact attenuator was attached to the chassis; the 

crash tube absorbed energy produced in the crash. This is corroborated by section-

forces measured in the cockpit area (fig. 62). As shown in the plot, the crash tube 

absorbed a considerable amount of the impact force. Without the attenuator, 112kN 

of impact force was transmitted to the cockpit area whilst a reduced magnitude was 

propagated with the help of the crash tube. The initial peak force was decreased to 

19kN with much higher force of 69kN seen towards the end of the crash.  

Fig. 63 also the deceleration response of the chassis measured around the cockpit 

area. It can be seen that with the aid of the impact attenuator, peak deceleration was 
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reduced from 4350 to 2270m/s2. Similarly, the average deceleration was seen to 

have decreased from 630 to 570m/s2. 

 

 

Fig. 61: Comparison between CRUSH PATTERN of chassis with and without impact attenuator  

 

 

Fig. 62: Comparison between cockpit SECTION-FORCE of chassis with and without impact attenuator  
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Fig. 63: Comparison between deceleration of chassis with and without impact attenuator  

 

5.2 Discussion 

As seen from the results, the crash tube absorbed less energy when attached to the 

chassis. Of course, this is likely due to the fact that this was not a full scale crash 

analysis since contributions of other components in the car were not considered. As 

demonstrated by Williams et al [46], when simulating an ideal crash scenario of a 

race car, FE models of engine and gearbox mount should be incorporated in order to 

offer stiffness in three local axes and combined failure [46]. However, such factors 

were not considered in this project. Another reason for discrepancies may be due to 

the way masses have been distributed in the chassis. As a matter of fact, the centres 

of gravity and inertia tensors of the driver and engine were only assumed.  

In contrast, the initial peak force from system model analysis was comparable to that 

of surrogate model (fig. 60), but the overall force-displacement characteristics were 

different as less crushing distance and no secondary peak force was produced in the 

system model.  

When the impact attenuator was mounted onto the chassis, the impact force 

transmitted to the driver was considerably reduced. This clearly shows the primary 

function of the device as it would help to prevent injury to the driver. The higher force 

seen towards the end of the crash is possibly because the device has been 

completely compressed. 

In addition, the peak and average decelerations has been reduced considerably and 

predicted to be 2270m/s2 and 570m/s2 respectively. However, these have not met the 

FSAE rules: less than 40g (392.4m/s2) for peak deceleration and 20g (196.2m/s2) for 

average deceleration. This may also have been influenced by the assumptions made 

in accounting for distribution of masses and modelling techniques. 
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6 CONCLUSIONS 

This project has presented extensive application of CAE technology in the design 

and development of F15 race car and impact attenuator. This methodology was 

implemented right from the initiation of the design process for conceptual designs 

and then throughout the development. 

Firstly, topology optimisation was successfully applied using Altair Optistruct to 

generate efficient load paths for the chassis. Since this technique does not normally 

produce the shape of the final design, but only gave vital hints in view of load paths, 

gauge otherwise known as topometry optimisation was therefore used to determine 

optimum thickness and outer diameter for each individual tube member.  

Two main concepts were generated: all tube design - Concept I & II and tube and 

sheet component - Concept III. The first design gave a mass reduction of about 5kg 

compared to F14 chassis with torsional stiffness being increased by more than 200 

per cent giving a specific torsional stiffness of 42.68Nm/ o kg (more than 3 times that 

of previous F14 design).  Furthermore, slightly different combinations of tube 

dimensions were implemented to create Concept II leading to an additional 1.5kg 

mass saving with a small loss in torsional stiffness compared to Concept I. A more 

unique design was proposed (Concept III) which incorporated the used of sheet 

component to mimic the load paths between the front roll hop and front bulkhead. 

Unfortunately, this design is the least stiff and heaviest. Besides, all the conceptual 

chassis have been designed such that all structural requirements were met. It can 

therefore be concluded that the CAE led technique has proven to be effective, 

having the capability to suggest an optimum concept design for the chassis by 

merely starting from a huge design space. 

The crash performance of the conical frustum tube has been optimised in this project 

by finding best combination of variables that satisfied the desired performance 

criteria. The design variables chosen were the wall thickness, semi-apical angle and 

heights/depths of protrusions/indentations on the impact attenuator. The specific 

energy absorbed SEA was optimised using surrogate models. This has been carried 

out by adopting Adaptive Surface Response Method (ARSM) optimisation in 

Hyperstudy to maximise SEA, whilst maximum section-force Fmax and energy 

absorbed EA were imposed as constraints. Parametric study was first carried out 

using wall thickness and semi-apical angle as design variables. The approximation 

system implemented was polynomial Moving Least Squares Method (MLSM) in 

Hyperstudy. Moreover, the subsequent optimisation exercise led to a 35% increase 

in SEA and 25% reduction in the mass of the impact attenuator. Fmax was also 

significantly reduced. Further parametric study was then carried out using the 

protrusions/indentations geometries as design variables. Although, the succeeding 

optimisation did not yield a considerable improvement in SEA, but a notable increase 

in EA was achieved and Fmax was further reduced giving a relatively stable section- 

force for almost the entire crushing distance.  
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In addition, the efficiency of the impact attenuator when mounted on the chassis has 

been assessed for crashworthiness. Assumptions were made regarding the 

distribution of masses across the race car. In the end, a reasonable correlation was 

achieved between surrogate and system model analysis. EA and initial peak force 

were reasonably close, but the overall force-displacement characteristics were not 

the same.  

The effectiveness of the impact attenuator was measured by comparing the force 

transmitted through the chassis “with and without the crash tube" into the cockpit 

area. The impact attenuator helped to reduce the initial peak force to an appreciable 

low level whilst the overall maximum section-force was decreased by almost 50%. 

Consequently, the device helped to prevent buckling of the chassis structural 

members by limiting the force propagated through the structure. Also the measured 

peak and average decelerations measured around the cockpit are of the race car 

were considerably reduced with the help of the device, but did not meet the FSAE 

requirement. This may be improved by including more details about the race car in 

the analysis. 

In summary, it has been shown clearly that CAE tools cannot only help to generate 

efficient designs, but can also produce lighter products. It should however be noted 

that the efficiency of CAE techniques relies a lot on the user’s understanding of 

engineering fundamentals since optimisation results can be easily influenced by not 

only the choice of optimisation objective and constraints, but also by analysis 

methods. 
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7 FUTURE RECOMMENDATIONS 

Chassis development 

In this project, the development of the F15 chassis has involved application of 

topology and gauge optimisation techniques. Although, these methodologies have 

proven to be effective in developing the chassis structure, however the available 

design space or package volume used in the process was only approximated.  More 

can be done in defining the designable regions of the chassis. This would require an 

extensive use of CAD packages like Solid-works or Pro-Engineer. 

Also, at the end of the topology optimisation, the load paths were replaced by tubes 

with circular cross-sections and the dimensions evaluated using gauge optimisation. 

Due to the fact that the efficiency of the final design is dependent upon the 

designer’s interpretation of load paths, further studies should be carried out to 

determine whether utilising other types of tubing e.g. square may produce a lighter 

and/or stiffer solution.  

It is also notable that apart from mild steel, no other material type was used. Other 

topology optimisations utilising other types of material such as aluminium can be set 

up and compared. In doing this, extrusion or draw constraints can be implemented to 

generate designs that can be easily manufactured. 

Impact attenuator development 

This project has only focused on implementation of empty tubes impact attenuator 

design. Crash tubes are often filled with foam to enable large deformation at almost 

constant force. More so, the presence of “filler material” in the impact attenuator 

should increase energy absorption by stabilising the crush pattern and enhancing the 

collapse of the tube [36]. Foams are often modelled with material type 63 – 

crushable foam material in LS-DYNA. Parametric study can then be carried out to 

find an optimum foam density that would yield maximum SEA. Other filler materials 

such as honey-comb can also be studied. However, the precision of the subsequent 

optimisation would be highly dependent upon accuracy of material data. 

Another type of crash device that can be investigated is collinear double tapered 

tube [32]. The wall thickness as well as the semi-apical angle of the individual tube 

can be simultaneously optimised to maximise SEA and minimise Fmax. This is 

expected to generate a more robust design as demonstrated by Hou et al [32].  

Similar to the chassis, only one material type has been implemented for the crash 

tube. There are many kinds of aluminium and steel alloys. For aluminium alone, 

there are AL5086, AL5059, AL6061, AL6063, AL7075 etc. [50]. Only AL6063 was 

utilised in this project. This was done in order to reduce the scale of analysis.  
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Crashworthiness of chassis and impact attenuator 

In analysing the chassis and impact attenuator for crash worthiness, more 

information should be provided with regards to masses, centres of gravity, and 

inertia tensors of the engine, radiator, gearbox and other important parts. These 

components should only be modelled as rigid as no considerable deformation during 

normal crash loading is expected [46]. This would offer stiffness in the three local 

axes and combined failure of the chassis and should improve accuracy of the 

analysis 

It is also possible to set up a global optimisation aimed at concurrently maximising 

the torsional stiffness of the chassis and improving SEA of the impact attenuator. 

This can be implemented in Hyperstudy to take into consideration the stiffness of the 

sub-assembly as well as its crashworthiness. The algorithm would aim to find a 

balance between torsional stiffness, energy absorption and impact force whilst 

minimising the mass of the overall structure. 
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9  APPENDICIES 

 
a. Topology optimisation results of chassis. 

b. FSAE 2012 minimum material requirements and alternative tubing 

specification. 

c. Research ethics flow chart. 

d. Faculty of engineering Risk assessment document. 
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TOPOLOGY OPTIMISATION RESULTS OF CHASSIS 
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FSAE 2012 MINIMUM MATERIAL REQUIREMENTS 
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