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Chapter 2  
LITERATURE SURVEY AND EXISTING 

TECHNOLOGY  
In order to design and develop a race car chassis, a literature survey about the science of 
motorsport, chassis design and materials is required. Furthermore, engineering tools are 
used to design chassis structures such as Computer Aided Design (CAD) and Finite Element 
Analysis (FEA) according to the required specifications. The design of a race car chassis 
requires the understanding of the chassis purpose together with the influencing performance 
factors involved. Torsional stiffness, structural strength and weight are the fundamental 
design factors that need to be taken into account. The chassis design also needs to comply 
with the prescribed Formula SAE (FSAE) rules and regulations. 

2.1 THE NATURE OF RACING 
The objective of racing is the development of a vehicle configuration, acceptable within the 
specified rules, which can traverse a given course in a minimum time span, or at the 
maximum average speed. Racing is about running every component in the car to its limit to 
achieve the maximum performance with the resources available (Baker, 2004). A race car is 
a complex system where several systems are working together in such a way that optimum 
performance is achieved. This is furthermore confirmed by the fact that vehicle velocity 
should never be a constant quantity when competing in track racing. Race car performance 
requirements can thus be expressed in terms of acceleration – the velocity vector in racing is 
constantly changing with time. Velocity should be increased at a maximum rate and should 
continue up to the point where, with the maximum amount of deceleration, the speed can be 
brought down to the appropriate velocity for the next corner. (Milliken & Milliken, 1995; 
Pashley, 2008) 

Poor chassis design is generally responsible for vehicle handling deficiencies. This can be 
due to grip loss of the tyres, caused by excessive body roll from the chassis. Body roll can be 
reduced by increasing the torsional rigidity of the chassis, as well as lowering its centre of 
gravity. Working towards an optimum vehicle configuration to achieve this, is thus vital. Due 
to the nature of a race car chassis, it is important that vehicle components can be configured 
around the chassis for increased performance potential (Baker, 2004). 

2.2 RACE CAR CHASSIS  
When the term, chassis, comes to mind, several ideas and derivatives can be formulated. 
More often than not, the structural aspect will surface first in the engineering environment. 
The chassis is also referred to as the chassis frame in the motorsport environment. A chassis 
can also be thought of as the complete running vehicle excluding the aerodynamic devices 
and the power train. (Aird, 2008) 

In a race car, the chassis is usually referred to as the structural bridge between the various 
components that make up the entire vehicle (Figure 2-1). Important aspects of a chassis 
include the weight, structural stiffness, strength, size and shape. It can also be stated as the 
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overall design and core of the car. The four most important characteristics of a chassis are 
the vehicle’s weight, centre of gravity location, torsional rigidity and safety it provides. (Aird, 
2008; William & Milliken, 1995) 

 
Figure 2-1: A monocoque chassis structure that acts as the host for the different vehicle 

component (Performance productions, 2011)  

If a chassis is considered as a structure, it is a deliberate arrangement of material arranged 
in such a way that it will support loads. The structure should not fail under loads, but also 
resist deflection under specified loads. Handling problems in the vehicle can develop which 
in turn will reduce overall performance if this issue is not addressed adequately (Aird, 2008). 

The race car chassis can be described as simply a big bracket that holds everything in the 
vehicle together, as described by the late Colin Chapman. The shape of the chassis should 
always be designed around the major vehicle components, not the other way round. 
Designing the most efficient structural connecting points between the vehicle components 
with the least amount of materials, contributes to the challenge any race car chassis designer 
faces. As with any problem encountered in the engineering world, there is always more than 
one solution to solve the problem. It is reasonable to expect that the standard and 
performance parameters of chassis design have developed extensively over the years of the 
automotive industry. In general, most were designed for specified needs and properties with 
the relevant design compromises. (Aird, 2008) 

Over a hundred year period of the automobile history, many technical innovations and 
solutions involving the design of the automobile chassis has appeared. Many were accepted 
and adopted by the major car manufacturers. Although some didn’t achieve the same degree 
of success, all were major innovations and some remarkable designs were produced 
(Gillespie, 1992). Figure 2-2 shows a photo of a modern day Formula One car where the 
chassis is a complete integral part of the vehicle, testifying of the chassis development 
evolution over the years. 

 
Figure 2-2: A modern day Ferrari Formula 1 race car (Zerotohundred, 2008) 
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2.3 CHASSIS  KEY PERFORMANCE CHARACTERIS TICS  
A race car is designed to have specific characteristics to perform efficiently in a competition. 
The characteristics differ amongst the vast number of forms of motorsport competitions 
presently. The Formula SAE (FSAE) race car requires a chassis with a low weight and 
adequate torsional stiffness. A low centre of gravity is also an essential requirement for good 
vehicle performance together with the required strength. 

2.3.1 CHASSIS GEOMETRIC CHARACTERISTICS 
A race car chassis’ geometric characteristics are important. The geometric characteristics 
include the way weight is distributed throughout the vehicle. It fundamentally influences the 
vehicle’s dynamics and the way it reacts and responds to all the forces involved. (Milliken & 
Milliken, 1995) 

Centroids, centre of gravity and polar moment of inertia 
The point that defines the geometric centre of a certain area is called the centroid (Hibbeler, 
2005). The centroid is a property dependent on a body’s geometric shape and dimensions, 
as shown in Figure 2-3. The centroid point coincides with the centre of gravity of any 
homogeneous body. The location of the centre of gravity is thus a geometric property of the 
volume occupied by a homogeneous body. Any body’s centre of gravity is defined as a 
specific point where the volume of the entire body would be in equilibrium, if the body was 
suspended from that specific point (Boresi & Schmidt, 2001). 

 
Figure 2-3: Illustration of a homogeneous body and its indicated centroid 

A body’s weight, together with the distribution of it, about its centre of rotation is called its 
rotating inertia (Figure 2-4). All of the rotating parts in a vehicle, including the chassis itself, 
have the characteristic of resisting angular acceleration. A body with a low resistance to 
rotational acceleration is one with a low moment of inertia. Fast steering and manoeuvrable 
vehicles are usually vehicles with low polar moments of inertia. A low polar moment of inertia 
is a desirable characteristic and is achieved by moving vehicle mass towards the inside of 
the wheelbase and concentrating it as close as possible to the longitudinal and lateral centre 
of gravity of the vehicle. An improved polar moment of inertia will have a higher influence on 
overall performance in comparison with only a reduction in overall vehicle weight. (Milliken & 
Milliken, 1995; Smith, 1978) 
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Figure 2-4: Illustrations of bodies with a low (A) and high (B) polar moment of inertia about the 

upright, z – axis.  

2.3.2 INFLUENCES OF THE CENTRE OF GRAVITY 
In race car terms, the centre of gravity is the three dimensional balance point of the vehicle. 
All the forces that act on a vehicle due to acceleration can be considered to act upon this 
single point, making it very important. The influence of this point is crucial for vehicle 
dynamics and handling characteristics of a race car. The cornering capability of a vehicle is 
dependent on the normal load applied to a vehicle’s tires, causing the centre of gravity’s 
location to be one of the most important performance factors of a race car. (Hibbeler, 2004; 
Smith, 1978) 

Most setup adjustments on a race car chassis are attempts to vary or improve the wheel 
loads in order to improve performance and handling characteristics. It includes changes of 
the location of the centre of gravity as well as changes that will affect the vehicle’s dynamic 
weight distribution. (Milliken & Milliken, 1995) 

Load transfer 
During cornering, the vehicle is pushed outwards due to the centrifugal forces that act on the 
vehicle. The loads are transferred from the inside pair of wheels to the outside pair due to the 
centrifugal forces that act on the vehicle’s centre of gravity. The tyres on the vehicle generate 
cornering forces equal to the centrifugal force which enables the vehicle to turn in the 
opposite direction. The centrifugal force acts upon the centre of gravity of the vehicle, which 
has a specific height above the ground. The centrifugal force creates a moment which tends 
to roll the vehicle over. The influence of the load transfer is dependent on the height of the 
centre of gravity (Figure 2-5). (Milliken & Milliken, 1995; Smith, 1978) 

 
Figure 2-5: Illustration of the influence the centre of gravity has on a vehicle 
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Taking the moments about point O in Figure 2-5, the relationship in (2.1) applies 

 

0F r m t
m tF
r

⋅ + ⋅ =
− ⋅

=  (2.1) 

If a vehicle has a constant track length of t, it can be seen in the equation that the force F is 
dependent on two variables or characteristics of the vehicle, namely the vehicle mass (m) 
and the centre of gravity height (r). Both characteristics are crucial for a race car’s handling 
performance, with the result that a race car designer would opt for the combination with the 
best relationship between vehicle mass and centre of gravity height. A smaller relationship 
will decrease the roll moment of the centrifugal force. The primary vehicle handling 
performance is based upon this relationship, as the transfers between the front and rear 
tracks during cornering are one of the primary sources of over- and understeer (Milliken & 
Milliken, 1995; Smith, 1978). The argument empasises that a low centre of gravity for a 
chassis is fundamentally vital for a vehicle’s handling characteristics. 

Advantages of a low centre of gravity 
During a vehicle’s driving and braking traction, an inertial reaction force is created similar to 
centrifugal forces during cornering. The load on the rear axle will increase caused by positive 
acceleration, while the load on the front axle will increase caused by negative acceleration. 
The opposite will occur during negative acceleration. This is also a function of the centre of 
gravity’s location and height. A lower centre of gravity will decrease the disadvantageous 
weight transfers, increasing tyre traction and grip performance. (Milliken & Milliken, 1995; 
Adams, 1993) 

During straight line acceleration, the point when a race car will experience wheel spin is 
largely a function of the vehicle’s centre of gravity location. As this location is moved towards 
the rear, the traction available will improve if the vehicle is rear wheel driven. The opposite 
will also be valid for a front wheel drive vehicle. The acceleration performance of a front 
wheel drive vehicle is severely reduced due to the centre of gravity shift towards the rear 
which reduces the load on the front driving wheels. In both of these cases, this weight 
transfer is kept at a minimum with a centre of gravity as low as possible. For a rear wheel 
drive vehicle, the centre of gravity can be at the centre longitudinally, due to the advantage 
gained on traction caused by the weight transfer towards the rear. (Milliken & Milliken, 1995; 
Adams, 1993) 

When a race car experience brake forces, weight transfer occurs during the deceleration of 
the vehicle from the rear of the vehicle to the front. The weight transfer will increase with a 
high centre of gravity. In order for the braking to be as effective as possible, the centre of 
gravity must be as low as possible. (Milliken & Milliken, 1995) 

In order to achieve an adequate steady-state cornering performance, a neutral centre of 
gravity location will be required. If the centre of gravity is located at the front of the vehicle, 
the rear tires will perform better relative to the front tires with regards to grip. This is due to 
the tire load sensitivity characteristics. This will usually tend to cause understeer. Oversteer 
will be present if the centre of gravity is more towards the rear of the vehicle. (Milliken & 
Milliken, 1995) 
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In the presence of simultaneous braking and cornering, load transfer will increase with an 
increased centre of gravity height. This situation will become worse if the centre of gravity is 
located to the front of the car. For the best performance, all four tires need to be loaded 
evenly. To achieve this, a low centre of gravity is required that tends to be closer to the rear. 
Another weight transfer that a race car may experience is in the event of a decreased throttle 
during cornering. In this case load is transferred from the rear to the front. This transfer is a 
function of the centre of gravity height, wheelbase length as well as engine characteristics. 
Front lateral force is increased by this transfer, while the grip provided by the rear tires 
decreases. Drivers will lose control of the vehicle in worst case scenarios if the necessary 
corrective actions aren’t taken. A reduced centre of gravity height will reduce the 
disadvantages of this effect. (Milliken & Milliken, 1995) 

2.3.3 CHASSIS TORSIONAL EFFICIENCY CHARACTERISTICS  
Torsional and bending stiffness are the two components in which chassis rigidity is analysed. 
The ideal race car chassis will comprise of high stiffness together with a low weight. If 
considerable twist and deflection are present in a race car chassis, handling performance 
and vehicle stability will be reduced while the vibration can furthermore cause a reduction in 
the vehicle’s reliability. 

The chassis can be considered as a large member housing all the components of the vehicle 
with the required rigidity, or it can be considered as a spring. The spring connects the front 
and rear suspensions. If a chassis is rigidly inadequate, the lateral load transfers will be 
totally unpredictable, unreliable and unsafe. With increased torsional stiffness, a larger 
percentage of the vehicle’s kinematics can be handled by the suspension system. It will 
ensure that the roll stiffness between the sprung mass and un-sprung mass is entirely up to 
the suspension system. Suspension design specifications therefore consider a chassis as 
approximately a rigid structure for maximum performance design and predictable handling 
properties. Furthermore, a chassis structure with excessive deflections will be more 
susceptible to failure due to fatigue. (Riley & George, 2002; Gaffney & Salinas,1997) 

A general definition of torsional stiffness can be formulated as the resistance a chassis 
structure exhibits against torsional loads. Bending stiffness is the resistance a vehicle frame 
exhibit against vertical loads. Bending stiffness is important to prevent chassis failure, but it is 
not as important in the dynamic race environment as is torsional stiffness. This is due to the 
fundamentals of vehicle dynamics. A vehicle’s bending stiffness does not have as much 
influence on the wheel loads as does the torsional rigidity of a chassis. Bending stiffness is 
not a concern if a chassis is adequately designed for torsional stiffness. (Aird, 2008) 

A race car chassis can be designed for extensive stiffness by adding various structural 
members. For structures without dynamic performance requirements, this may be done if 
material cost is not a concern. However, in a competitive race environment, this is not 
desirable, even without considering cost, because of the added mass. Newton’s Second Law 
of Motion states that the acceleration (a) of a vehicle is dependent on its available power (F) 
as well as the vehicle mass (m), given in (2.2). 

 F m a= ⋅  (2.2) 

In many motorsport competitions, such as the FSAE competition, the power differences 
between cars are minimal due to standard equipment being used and engine restrictions. 
Therefore, to achieve maximum performance in any competition environment, the weight of 
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the race car needs to be reduced to a minimum. Material used in chassis construction will 
always be the major factor to solve this problem. Reducing the amount of material used is 
the most practical approach for the performance enhancement. On the other hand, a 
reduction in structural material will reduce the torsional stiffness of the vehicle’s structure. 
(Gaffney & Salinas, 1997) 

It is crucial for a race car chassis designer to keep the weight and torsional stiffness 
performance factors in mind and to find the correct balance between it. Torsional stiffness 
needs to be as high as possible with the minimum accompanying weight. To complicate the 
delicate balance, the centre of gravity of the vehicle needs to be as low as possible. Various 
influences and factors must be taken into account in this design process, such as the nature 
of the competition, material selection, available resources, reliability and safety. 

Tube theory 
A race car chassis will deflect under torsional loads caused by cornering forces. Basic 
mechanics determines that the further away from the neutral axis the material of a chassis is, 
the more resistive it would be against the torque forces acting on that specific axis. From a 
structural integrity point of view, the further the material is away from a chassis’s longitudinal 
axis, the better. (Wakeham, 2009; Aird, 2008) 

The general engineering solution for this would be a tube structure. With a tube structure 
principal in mind, the ideal chassis would be a large diameter tube. This is to provide 
resistivity to torque loads as well as capability to deal with the lateral loads involved in race 
environments. It will also help to reduce weight due to the minimum materials required. This 
is however only an ideal approach, solving only the torsional stiffness problem. The housing 
of heavy components together with the stress concentrations from suspension loadings 
would impose problems of its own. Furthermore, the aerodynamic efficiency would be poor. 
(Wakeham, 2009) 

This theoretical viewpoint however plays an important role in automotive design. The area 
moment of inertia about a certain axis has a significant influence on a structure’s stiffness. 
The integrity of the chassis will thus improve the further away the structural material is from 
the relevant axis. This applies to bending loads as well. Clever use of structural side pods 
and engine intakes can help to enhance this property without the loss of aerodynamic 
efficiency. 

2.4 CHASSIS  CONCEP TS  
Considering all the available chassis concepts and construction techniques used to date, it is 
clear that there is no universal solution or an absolute optimum for a specific application. 
There are however more favourable options for certain problems suitable for racing cars. The 
Ladder frame was the first chassis concept. The race chassis evolved over the years and 
ultimately produced the modern space frame and stressed skin monocoque chassis. 

2.4.1 LADDER FRAME 
The ladder frame type of chassis is the oldest and the simplest type of chassis. A ladder 
frame consists of a beam axle at each side of the vehicle which is mounted on leaf springs. 
The two beams are connected by a number of cross members. The ladder frame was 
universally accepted until the mid 1930’s. The ladder frame’s stiffness was poor, though 
adequately strong. With the emergence of independent suspension, the ladder frame chassis 
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design started to fade away. For performance or competition vehicles, the ladder frame is far 
from ideal. (Aird, 2008; Wakeham, 2009) 

2.4.2 BACK BONE 
The back bone chassis design (Figure 2-6) involves the idea of a tube connecting the front 
and rear structure of the vehicle in its entire length. The tube, which runs lengthwise in the 
middle of the vehicle, is a fully enclosed load carrying structural member. The walls are also 
thicker, continuous and with very few holes in them. This form of chassis can be created by 
various types of construction techniques, such as triangulation. The backbone of the chassis 
is commonly used as a tunnel for the driveshaft in rear wheel drive vehicles with the engine 
mounted at the front. (Aird, 2008; Wakeham, 2009) 

 
Figure 2-6: Vehicle with a backbone chassis (Toyota 2000GT, 2005) 

2.4.3 TUB 
The tub design technique (Figure 2-7) can be traced back to the tube theory for torsional 
stiffness. Lotus was the first to implement this technique in its Lotus Elise model. With this 
technique, no roof structure was required, producing an open-topped vehicle. This makes it 
the ideal type of chassis for open top sports cars due to its ability to transfer loads between 
the front and the rear suspension. It can also handle buckling due to impact from the front 
and the side very well. (Aird, 2008; Wakeham, 2009) 

 
Figure 2-7: A tub chassis taken out of a vehicle (Virginmedia, 2013) 
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2.4.4 SPACE FRAME 
A space frame consists of many tubes arranged in such a manner that the tubes only 
experience loads axially. No member is subjected to loads that tend to bend the member in 
any direction. Triangulation is often used to achieve this and is very important in space frame 
design to ensure no member can bend. 

Triangulation, trusses and structures 
A rigid frame structure requires fundamental design applications and elements. Increasing 
the construction material used in a structure can contribute to its stiffness, but will increase 
its weight. The key factor is to determine the most efficient orientation and to use of each 
member as effectively as possible. It is important to recognise the different shapes and 
arrangements involved to ensure the desired structural stiffness is obtained (Adams, 1993).  

A triangulated structure, or a truss, consists of a series of members orientated according to 
its structural specifications (Boresi & Schmidt, 2001). Triangulation is the most basic 
technique for constructing rigid structures. Rectangular shaped structures consist of very little 
structural rigidity. Rectangular shaped structures are often braced with a diagonal member in 
order to increase its stiffness. Figure 2-8 illustrates an example of a simple structure with 
similar input forces applied. 

 
Figure 2-8: Illustration of structures: A without triangulation and B with triangulation 

The four structural members of case A (Figure 2-8) has to carry larger loads than the four 
external structural members of case B. The included diagonal member in case B allows the 
structure to carry larger loads as it carries loads in pure tension, improving its stiffness and 
strength. This technique produces in effect two triangles from the rectangular geometry 
(Adams, 1993).  

A truss carries loads primarily through axial forces and is made up of straight, slender1

                                                
1 A structural member’s slenderness is described as the geometric ratio

 
members. The correct arrangement of truss members can produce an effective system to 
carry loads while maintaining low structure weight. The key characteristic of a truss assembly 
is that it resists externally applied forces primarily through tension and compression loads 
(Boresi & Schmidt, 2001; Baker, 2004). 

L
r , with L as the member 

length and r its smallest ratio of rotation. The slenderness of a structural member describes the 
member’s flexibility. The smallest acceptable slenderness ratio for steel is 89 (Hibbeler, 2005) 
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Truss structures formed by triangulation techniques are used in various structural 
applications. Race car chassis is an example of a structural application. A space frame race 
car chassis consists of structural frames. The structural frames are designed to enhance 
strength, rigidity while maintaining low weight (Aird, 2008). 

Rigid frame design consists of applying structural basics of triangulation to the relevant 
structural applications. Each section of a frame should be studied and analysed to ensure the 
best rigidity is produced. Most loads on a vehicle originate at the front and rear suspension 
mounting points. Torsional loads are usually the hardest to resist in frame structures (Riley & 
George, 2002). The structural integrity of the chassis between these suspension points is 
thus crucial. The fundamental techniques of triangulation and effective orientation of the 
members can produce a torsional stiff structure. The same applies to a structural frame’s 
bending characteristics. Good handling is primarily produced by adequate chassis stiffness. 
This implies the vehicle’s structure must be able to resist any bending and torsional 
deformation (Adams, 1993; Michael & Gilbert, 2009). 

Space frame characteristics 
The space frame chassis design (Figure 2-9) was first developed by aviation engineer 
Barnes Wallis. He developed space frames for the aircraft industry during World War II. The 
advantage was that much more damage than was the case for other frames could be 
sustained by an aeroplane while still flying. This technique also aided the demand for 
structural stiffness. The design was adopted by Ferdinand Porsche and later on, by most of 
the major automotive manufacturers (Aird, 2008). 

 
Figure 2-9: A space frame chassis structure for the FSAE competition (WMU FSAE, 2009) 

A space frame performs very well against rival techniques if its ease of construction is 
considered. Furthermore, much less material is used to achieve the stiffness required. 
Another advantage of the space frame is the ease of crash damage repair, even though 
welding of a space frame during the construction process requires great skill. The 
disadvantage of a space frame is that modifications to the original structure are difficult to 
make. Another drawback is the cockpit area which remains a significant problem as with 
most of the other designs, due to the opening and the lack of triangulation. (Aird, 2008; 
Baker, 2004) 

As mentioned earlier, the space frame was developed during World War II due to the 
demand for increased chassis stiffness. In Europe it later became popular for all types of 
vehicles. Space frames are considered the most suitable and popular for the FSAE 



 

School of Mechanica l and  Nuc lea r Engineering  
 

 
2-11 

competition as well as for other low volume sports cars due to its relative ease of design and 
construction. This is confirmed by its torsional rigidity, safety and weight holding capabilities 
with limited material needs. (Aird, 2008; Wakeham, 2009) 

Space frames did come to motorsport at a rather late stage, as the demand for greater 
structural rigidity increased. 

2.4.5 STRESSED SKIN MONOCOQUE CHASSIS  
The word monocoque can be described as a single-unit shell supporting structural loads. 
Using a monocoque means that the skin itself supports loads and not only the internal 
structural members. In the aircraft’s development history, the fabric-covered tube-framed 
construction was eventually replaced by sheet metal panels. This was done not only to keep 
the rain out and to retain aerodynamic functionalities, but also to act as a load-bearing 
device. This eliminated the need for the extra separate frame. Seeing that this technology 
developed so early in the history of automotive and aircraft industry, it is almost surprising 
that the space frames were used at all. (Aird, 2008; Wakeham, 2009) 

The design of this type of chassis had it difficulties though. The construction of a monocoque 
chassis is one of the main drawbacks. Secondly, loads experienced in an aircraft cannot be 
extrapolated to the race car scenario because of the difference in load spreading. Another 
problem is maintenance and repair due to the construction method. (Aird, 2008; Baker, 2004) 

But despite all the negative aspects, the stressed-skin construction had the potential to 
outperform any other type of construction with regards to rigidity. As early as the 1960’s, this 
was already regarded as the standard in series like Formula One and Indy Cars. Figure 2-10 
shows one of the first composite material monocoque Formula One chassis. Nowadays it is 
universally accepted as the norm in the commercial race industries. (Aird, 2008) 

 
Figure 2-10: Photo of the first composite material monocoque chassis that raced in Formula 1 

(SomersF1, 2013) 

2.4.6 STRESSED SKIN SPACE FRAME 
A transition technique was developed between space frames and monocoques: sheet metal 
panels or skins were applied to the outer tubes of the space frame (Figure 2-11). Torsional 
stiffness could easily be increased without the cost of additional weight. (Aird, 2008; 
Henningsgaard & Yanchar, 1998) 

This construction technique can be very advantageous due to its easy way to increase the 
performance integrity of a standard space frame chassis. 
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Figure 2-11: Illustration of a stressed skin chassis concept (Henningsgaard & Yanchar, 1998) 

2.4.7 FUTURE CHASSIS DEVELOPMENTS AND CONSIDERATIONS 
Chassis developments were always about finding unique solutions to improve structural 
integrity and vehicle handling performance. In retrospect, the automotive and motorsport 
industry evolved according to developments and applications in the aviation industry. In 
some cases the reverse happened as well and even surpassed the technology available. 
Formula One’s complex aerodynamics and composite material science is a good example of 
this. (Kelly, 2009) 

In terms of race car chassis development for the future, a huge breakthrough will be needed 
to move on from the stressed-skin monocoque vehicle built from composite materials. It is 
also clear from the trends in the aviation industry that the stressed-skin concept will be the 
way forward for many years to come, due to its structural integrity and light weight. Most of 
the advances in stressed skin research will come from the materials itself. Research and 
development will create materials with increased specific strength and stiffness as well as 
improved bonding techniques between the fibres of the materials and various parts. 
(Tremayne, 2006) 

Substantial research is done on space frame technology to increase its level of 
competitiveness against monocoque construction techniques regarding structural integrity 
and torsional rigidity. Load bearing, lightweight body panels can be mounted on the frame, 
increasing stiffness without adding significant weight. It will also lower manufacturing costs 
and of the vehicle. The approach of combining monocoque and space frames is used by 
some Formula SAE teams. It tends to combine the weight saving structural integrity 
advantages of the monocoque construction with the ease of construction and maintenance of 
the space frame. (Henningsgaard & Yanchar, 1998; Baker, 2004) 

Due to economic and climate changes, the focus of vehicle developments is shifting towards 
improving efficiency with regards to fuel and energy consumption. The two major factors to 
be addressed is cost and weight. This will move move the dynamic performance factor 
towards the background when compared to the growing importance of cost and weight 
factors. (Kelly, 2009) 

Innovative developments will largely be concentrated  on material applications and selection. 
Aluminium is favoured by numerous manufacturers and engineers due to its low weight and 
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strength characteristics. The high costs of aluminium in high volume small cars, however, is 
a major drawback. Composite materials may provide solutions with its low weight 
characteristics while cutting costs if the manufacturing techniques are mastered. (Kelly, 
2009) 

Oher techniques include different layouts between the chassis and the suspension. 
Composite materials will also be applicable as it can be structurally modified to perform as 
springs within the chassis itself. This will not only lower weight, costs and vehicle complexity, 
but can also improve dynamic handling performance of the vehicle. (Kelly, 2009) 

2.5 FORCES INVOLVED IN RACE CARS  
Every race car experiences various types and magnitudes of loads. The loads are produced 
by vehicle components such as the engine, brakes and tyres. The chassis of a race car is the 
primary structure and component of a vehicle managing the loads experienced. 

2.5.1 LOAD PATHS 
It can sometimes be misleading to assume that a chassis absorbs loads generated in any 
race environment. The impression can lead to the idea that a chassis have the ability to 
cancel out all the forces that act on it. The forces however, remain present. It can be 
focussed in some areas more than in other areas, but their presences aren’t absorbed by the 
chassis as a whole. In fact, the chassis structure is only a means to transfer loads, generated 
by external racing forces, from one point to another. (Aird, 2008) 

It is important to understand the forces that need to be handled by a chassis structure and its 
capability to withstand it. In order to prevent failure, it is crucial for the chassis to be able to 
transfer the generated forces efficiently through the structure that connects the various 
suspension connection points. It is furthermore important in the design process to consider 
how the loads, experienced during racing, are distributed through the chassis frame. The 
path by which forces are directed into the chassis structure is defined as a load path. These 
forces are primarily generated by the reaction forces of the tyre friction on the road 
transferred through the suspension systems and other components. The connection points 
between the chassis structure and the suspension points are therefore crucial for the load 
path of the involved forces. (Aird, 2008; Milliken & Milliken, 1995; Gaffney & Salinas, 1997) 

2.5.2 IDENTIFICATION OF LOAD PATHS 
In order to design a chassis, critical assumptions and calculations must be made regarding 
the loads that a race car chassis will experience in practice. The estimated loads must 
include both the static and the dynamic loads which are present during racing. The loads are 
statically present when a vehicle is stationary. The dynamic loads will however come into 
play when the vehicle is in motion. The loads may vary in size and shape as the vehicle 
undergoes acceleration, braking and cornering. 

For static load paths, the load of a stationary car’s weight will transfer through the various 
structures including the chassis itself to the suspension, then to the wheels and finally to the 
track surface. It is therefore critical to design for these loads in mind, with minimum 
deflection. If a race car chassis can’t support the loads of a stationary vehicle, it will certainly 
not manage the dynamic loads when the vehicle is moving. The two main components 
contributing to static loads are the driver and the power source of the vehicle. Together, they 
add up to almost two thirds of the vehicle’s entire weight. (Baker, 2004; Smith, 1978) 
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When the vehicle is not stationary, all the dynamic loads come into play. The three main 
sources of these loads are the vehicle’s acceleration, braking and cornering abilities. These 
are governed by Newton’s Second Law. Most of the dynamic loads are torsional in nature. 
(Baker, 2004; Smith, 1978) 

Torsional loads from cornering 
A chassis structure will always be subjected to a torque force when the vehicle is cornering. 
It will occur due to the difference in stiffness between the front and rear suspensions. The 
difference will determine how the load transfer is distributed between the front and the rear 
ends of the vehicle. This chassis characteristic is one of the major factors that determine a 
race car’s handling properties. 

The assumption that the rigidity of the chassis against torsion determines the handling 
properties can only be made if the frame structure of the chassis is considerably stiffer 
compared to the difference in roll stiffness between the front and rear end suspension. The 
inertial loads generated by a vehicle’s cornering characteristics aren’t the only forces that a 
chassis structure has to be designed for, but are generally the primary factors. The vehicle 
design will generally be simpler for various race scenarios if a chassis complies with this 
characteristic. (Baker, 2004) 

Torsional loads from engines 
The power source of a vehicle produces a torsional force which is delivered and varied 
through the drive train and through the tyres to the track surface. This same torsional force 
needs to be absorbed or rather withstood by the engine’s counteracting action. The loads of 
the counter-acting torque are transferred through the engine mounting points to the chassis. 
Designing for the counter-acting loads, the torque characteristics of the engine need to be 
considered on the engine’s power curve. (Baker, 2004) 

Torsional loads from braking 
Large forces are also generated during the activation of a vehicle’s brakes. Brake forces are 
known to be the largest forces present in almost all race cars. It is due to the large force 
moment generated by the disk brake system. These loads are generated by the brake 
callipers on the wheel hubs which are then transferred through the suspension system to the 
wishbone mounts of the chassis itself. (Baker, 2004) 

2.5.3 VEHICLE LOADING DEFORMATIONS 
There are four types of vehicle deformations present in any typical race car chassis. The four 
types need to be taken into consideration with fundamental design considerations. 

It is a generally accepted fact that if torsional and vertical bending rigidity are satisfactory, the 
structure will generally be satisfactory with regards to the rest of the criteria. Furthermore, 
torsional rigidity is generally the most important factor to take into account due to total 
cornering traction being a function of lateral weight transfer. (Riley & George, 2002) 

Longitudinal torsion 
Longitudinal torsion is the greatest load that a race car chassis must resist and is caused by 
the one end of the structure being twisted in relation to the other (Figure 2-12). The 
deformation has a major influence on a race car’s handling characteristics as well as on the 
measure of frame performance of a Formula SAE car. A rigid enough chassis will provide a 
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stable enough platform for competition that will not yield to stresses applied. (Riley & George, 
2002; Michael & Gilbert, 2009) 

 
Figure 2-12: Schematic illustration of a chassis subjected to a longitudinal torsion deformation 

(Riley & George, 2002) 

Vertical bending 
Vertical bending is the second most important group of deformation factors distributed 
through a chassis structure (Figure 2-13). This is primarily caused by the masses contained 
in the vehicle, like the engine, driver and fuel tank. The vertical accelerations of a vehicle’s 
components tend to stretch the lower structural members of the chassis, while the upper 
members are compressed. Lower structural member material will usually be smaller tubes 
due to this effect. (Riley & George, 2002; Michael & Gilbert, 2009) 

 
Figure 2-13: Schematic illustration of a chassis subjected to a vertical bended deformation 

(Riley & George, 2002) 

Lateral bending 
Lateral bending is usually caused by high speed cornering of the vehicle which results due to 
the centrifugal forces that comes into play (Figure 2-14). The magnitude of this is determined 
by the cornering speed and the radius of the vehicle’s trajectory. It will increase with the 
increase of the vehicle’s wheelbase and is resisted by the tyres. (Riley & George, 2002; 
Michael & Gilbert, 2009) 
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Figure 2-14: Schematic illustration of a chassis subjected to a lateral bended deformation 

(Riley & George, 2002) 

Horizontal lozenge 
Horizontal lozenge deformations result due to one side of the vehicle moving faster than the 
opposite side (Figure 2-15). This imparts an unequal horizontal force. This is usually due to 
the forward and backward forces applied at opposite wheels. It will usually occur when one 
side of the vehicle accelerates on a tarmac surface, while the other is on a slippery surface. 
This kind of deformation is rarely a problem, compared to the deformations mentioned 
previously. (Riley & George, 2002; Michael & Gilbert, 2009) 

 
Figure 2-15: Schematic illustration of a chassis subjected to a horizontal lozenge deformation 

(Riley & George, 2002) 

2.6 SUSPENSION OVERVIEW 
During cornering, the tendency occurs for a load to be transferred from the inboard pair of 
tyres to the outside pair. This has nothing to do with the setup and nature of the vehicle’s 
suspension system, but is rather a pure function of the vehicle’s centre of gravity, track width 
and cornering manoeuvre. The suspension system is solely responsible for dividing the loads 
from cornering between the front and rear tyres. (Aird, 2008; Milliken & Milliken, 1995) 

Several suspension systems have been developed during the history and development of the 
automotive industry. Many of these again disappeared in the course of time. One suspension 
system that did establish itself since the 1960’s as being popular in terms of performance 
and reliability is the unequal length wishbone independent suspension. During the years 
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many modifications have been made on this suspension system. Unequal double wishbone 
suspensions are known to be suitable for various suspension configurations. It is versatile 
and popular in the motorsport industry. It is important to realise that the purpose of 
suspension systems in a car are not only to provide smooth and comfortable rides but also to 
aid vehicle stability. In fact, in the motorsport industry, it also has a very important function to 
ensure that a vehicle operates with the maximum amount of grip the tyres can provide. 
(Adams, 1993; Smith, 1978) 

In theory, the suspension connection points on the chassis are important due to the fact that 
they are determined by the suspension geometry. Determining the suspension mounting 
point is a process of compromising decisions and performance tradeoffs. (Gaffney & Salinas, 
1997) 

When considering suspension selection and design, the two main goals to keep in mind are 
to keep the roll centre movement as stable as possible and to assess camber in roll. A 
constant roll centre will provide more predictable handling characteristics. Suspension 
movement can cause camber changes which will influence the grip levels of the tyres. Both 
the correct camber control and a stable roll centre improve the handling characteristics of a 
vehicle. Suspension movement is a function of by the chassis’s roll properties in cornering. In 
order to correct for this, the upper arms of the suspension system are usually shorter than 
the lower arms. (Aird, 2008; Smith, 1978) 

Suspension geometries used in the Formula SAE competition usually operate in a narrow 
window of vehicle dynamics due to the limited cornering speeds. It is therefore critical for 
suspension design and selection to be within the constraints of the Formula SAE regulations. 
Two very important factors influencing the success of a vehicle’s handling performance are 
the track width and wheelbase. Both of these characteristics are governed by the Formula 
SAE regulations and this also affects the vehicle’s weight transfer and turning radius. 
(Gaffney & Salinas,1997) 

The track width of a vehicle is defined as the distance between the right and the left tyre 
centrelines. This dimension has a major influence on the lateral weight transfer. The front 
and rear track widths are not necessarily the same. The front track width is usually wider in 
the case of a rear wheel drive vehicle. This is to improve traction of the tyres when exiting a 
corner.  

The distance between the front and rear axle lines is defined as the wheelbase. The 
wheelbase needs to be considered for the packaging of all the vehicle’s components. The 
wheelbase will also influence the longitudinal weight transfer of a vehicle. The most important 
handling characteristic of the wheelbase with regards to track performance is the stability and 
manoeuvrability it provides to a vehicle in race conditions. A longer wheelbase will provide a 
race car with more stability in fast corners, while a shorter wheelbase will improve its 
manoeuvrability in twisty, slow corners. (Gaffney & Salinas,1997) 

2.7 MATERIALS AND CONSTRUCTION 
Materials for any race car chassis are crucially important. The correct material properties are 
required for the specified chassis application. Material selection is important to keep the 
weight to a minimum. This is the primary performance enhancing characteristic. It also 
contributes to vehicle safety. The chassis manufacturing process is also influenced by the 
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material selected by the design. Different chassis design techniques will require different 
manufacturing equipment.  

2.7.1 MATERIAL PROPERTIES  
An important material property is tensile strength. It can be described as a measurement of a 
material’s ability to withstand stress in its longitudinal direction. This goes hand in hand with 
yielding. A material’s yield strength is known as the state just before the material deforms 
plastically or permanently when under a load. Engineers will usually exploit a material’s 
strength range up until its yield strength in a design, especially for race car chassis. (Dieter, 
1988) 

Another material property is shear strength. This is the ability to resist loads that tend to slid 
cross section planes of the material relative to each other transverse to its longitudinal axis. 
The shear strength of a material is generally used in the design of fasteners and shafts or 
any other applications where torsional loads are present. (Dieter, 1988) 

In most cases, a material’s compression strength is equivalent to its tensile strength. There 
are however exceptions. The critical aspect to remember when designing for compressive 
loads is to take the buckling factor of the support member into account. (Dieter, 1988) 

Bending is a combination of both tensile and compression stress. Bending stress is resolved 
by the combination of tension and compression stresses. The geometric arrangements of the 
structural members together with its tensile properties are also taken into consideration. 
(Dieter, 1988; Hibbeler, 2005) 

Specific strength 
In all design cases, any component can be made stronger by adding more material. The 
major problem with this approach is the increase in unwanted weight. The problem creates 
the desire for a material with increased strength without the corresponding increase in 
weight. Specific strength is a property which describes a material in terms of strength 
compared to the corresponding weight. (Dieter, 1988; Aird, 2008) 

Composite materials perform very well with regards to specific strength. This is one of the 
main reasons why they are so popular as material for race cars and aircraft, especially 
gliders. This does come at the expense of cost, as well as manufacturing difficulties. 

Steels, usually alloy steels, with the desired properties are available. The advantage of being 
weldable makes them very suitable for race car chassis frames and other structural 
applications. (Aird, 2008) 

Specific rigidity 
Strength-to-weight ratio is not the only desirable property required in race cars. Another 
important factor is a material’s rigidity. Rigidity can be described as resistance against 
deformation under a certain load. It is important that no material should fail on a race car but 
it is important also that some parts do not deform at all. Rigidity in a chassis provides a 
stable platform for suspensions and other parts. It is an accepted fact that if a material is 
deflection tolerant for its loads, it will also have adequate strength. Steel always perform well 
as a material for rigidity. (Dieter, 1988) 

The same problem occurs with specific rigidity as for specific strength. More rigidity can be 
achieved with increased material, but will subsequently add more weight. This value 
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describes a material’s stiffness in relation to its weight. This is also a very desirable property 
for a race car designer in order to achieve the maximum chassis stiffness. (Aird, 2008) 

2.7.2 MATERIAL SELECTION 
Due to the competitive nature of motorsport, designers will always strive to find methods and 
techniques to increase vehicle performance. The key factor is the power-to-weight ratio. The 
power-to-weight ratio has to be as high as possible. The power-to-weight ratio is improved by 
increasing power and reducing weight, according to Newton’s Second Law. Finding lighter 
materials or constructing a chassis with less material while still maintaining structural 
stiffness, is something race car designers will always find challenging (Baker, 2004; Milliken 
& Milliken, 1995). Another factor that influences material selection is the rigidity of the 
material for a chassis’ torsional stiffness. (Baker, 2004) 

Material selection plays a significant role in the design paradox of constructing a chassis as 
strong and as rigid as possible, while ensuring it is as light as possible, avoiding the 
reduction of the vehicle’s power-to-weight ratio. 

Steel and alloys for race car chassis 
Chassis are commonly built from low or medium carbon (less than 0.25% carbon) steels. In 
terms of its strength-to-weight performance, it is usually adequate for constructing light 
weight race cars. Low carbon steels are also suitable for welding without the need for post-
welding treatment. (Aird, 2008; Pashley, 2008) 

Steel is a versatile material. It is widely used in the automotive industry for various 
applications. Depending on the steel’s composition, various forms of steel are available. It 
can be distinguished between plain carbon steels and alloy steels. (Dieter, 1988) 

Of all the types carbon steel produced for engineering purposes and applications, relatively 
few types are produced as steel tubing. Only a limited variety of steels are suitable as a 
material for race car chassis applications. 

Plain carbon steels have carbon as its main element with small amounts of various other 
alloying elements. It is also a proven fact that steel increases in strength with the increase of 
carbon content, but will decrease in ductility at the same time. Processes can be carried out 
to improve strength, like heat treatment and tempering. Plain carbon steel can be divided into 
three different groups: high carbon steels, medium carbon steels and low carbon steels.  

By far the most widely used steel in tube frames is mild steel (or medium carbon steel). It has 
a carbon content of 0.1 – 0.3 % which makes it weldable and machinable. It can also be 
work-hardened to increase its strength. The range 1018 – 1026 steel is commonly present in 
chassis frames. In the Formula SAE competition, the most common example of this kind of 
steel is the AISI 1020 mild steel (Adams, 1993; Michael & Gilbert, 2009). Figure 2-16 shows 
photos of mild steel in race car chassis applications. 
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Figure 2-16: Different race cars where mild steel were used in the chassis frame structures 

(Seabright hot rods, 2011; Import meet, 2011) 

Alloy steels contain significant amounts of alloying elements that are non-carbon and usually 
add superior mechanical properties to carbon steels. The most common alloying elements 
include chromium, nickel, manganese and molybdenum. Alloy steels are utilised when 
greater strengths than that obtained from plain carbon steels are required. (Dieter, 1988) 

One type of alloy steel that is frequently used in the Formula SAE competition is the SAE 
4130 chromoly alloy steel. The SAE 4130 alloy steel has superior strength with regards to its 
weight compared to other steels. It has good weldability properties while it is resistant to 
corrosion. The 4310 alloy is widely used by race car designers due to its favourable qualities, 
but is a very scarce steel. (Michael & Gilbert, 2009; Gaffney & Salinas, 1997) 

Other light material for race car chassis 
The most important requirement for a high performance material is its strength and rigidity for 
a specific weight. Aluminium is one of the front runners meeting these criteria. Aluminium can 
also be alloyed with certain elements to obtain specific and stronger material properties. 

Aluminium is a very light material with excellent corrosion resistant properties. Although 
aluminium cannot match the outright strength of steel, it does have a better strength-to-
weight ratio which makes it desirable for applications especially in the aerospace industry. 
Aluminium is available in several different classes and can also be heat treated to improve its 
properties. Aluminium is a relatively expensive material. Furthermore, specialists are needed 
to weld and machine it. (Baker, 2004; Dieter, 1988) 

Another light weight material is titanium. The structural applications of titanium are a quite 
new development, even more recent than that of composite material applications. Titanium 
offer unmatched specific strengths together with high resistance against fatigue. The material 
became extremely popular in the aerospace and aviation industry. Titanium has however 
formidable drawbacks as well. It is very difficult to weld and machine and above all, it is very 
expensive with limited availability. (Aird, 2008; Dieter, 1988) 

Composites for race car chassis 
It is important to note that when the specific strengths of a variety of metals are studied, it 
should possess more or less the same qualities with no significant differences. The most 
useful metals are steel, aluminium and titanium. In the past it was always difficult to increase 
a structure’s specific strength by using different materials. With the introduction of fibrous 
materials, all has changed. The new fibrous materials are significantly stronger compared to 
its weight in relation to steels and other metals. Carbon and Aramid became the materials of 
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choice to increase race car stiffness when cost and manufacturing are not a primary concern. 
(Aird, 2008) 

The first of the fibrous materials to be used in the motorsport industry was carbon fibre. 
Carbon fibre was initially used in aviation applications after which it made its way into 
Formula One. Many forms of carbon fibre exist for various applications (Figure 2-17). Initially 
the wings of the race cars were made of carbon fibre but in 1980 John Barnard designed the 
McLaren MP4 with an all carbon fibre chassis. This chassis design was soon followed by 
other racing car designers and constructors. (Tremayne, 2006; Aird, 2008) 

 
Figure 2-17: Various structural forms available in carbon fibre 

Aramid was introduced after carbon fibre in the 1970’s. Though less stiff than carbon fibre, it 
proved to be even stronger than its fibrous counterpart, in tension at least. Aramid is also 
used in airframes in the aviation industry as well as ballistic body armour. Its brittleness 
properties are superior to that of carbon fibre. 

Composites are nowadays widely used in motorsport due to its advantageous specific 
strength properties (Figure 2-18). Composites do have drawbacks though. Depending on the 
direction of the layers of a structural member, it can only absorb a load in a specific direction. 
Unlike structural steels, it also doesn’t yield in order to warn of impending failure. Instead, it 
fails with a sudden brittle fracture. Manufacturing is also a specialised process with specific 
equipment and skills required. Finally, the repairing of composite structures is a difficult if not 
impossible task. In most of the cases, it will be required to rebuild a damaged part instead of 
repairing it. (Aird, 2008) 

 
Figure 2-18: Illustration of a modern Formula 1 car constructed mostly of composite materials 

(F1network, 2006) 
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2.7.3 MANUFACTURING 
The manufacturing of a race car chassis is one of the most important factors due to the 
influence it has on the integrity of the complete structure. It is also crucial to insure that all the 
original properties of the material chosen are maintained. Different types of chassis designs 
and concepts require different materials and therefore different manufacturing techniques. 
Due to the positive qualities of space frames and its steel composition, it remains an 
important consideration for the manufacturing of the chassis. 

Welding of a chassis 
Steel with low carbon content is comparatively insensitive to the heating and re-cooling that 
is generated by welding. The same cannot be said though of alloy steels. Heat treatment will 
be required if this construction method is followed. It is considered that 4130 alloy steel can 
be welded safely and stress-relieved by various techniques if the wall thickness of the 
material is large enough. (Pashley, 2008) 

Tube materials can be welded using oxygen/acetylene, TIG welding (Tungsten electrode, 
Inert Gas), MIG welding (filler Metal, Inert Gas) or brazing fusion welding processes. With the 
materials used in the FSAE competition, welding with flux-coated filler rods is not suitable. 
Filler rods also play a critical part in the final results of the welded product. (Pashley, 2008) 

The oxygen/acetylene welding technique has served the motor industry for many years. It is 
fairly cost effective and easy to operate. Another welding technique is brazing, also known as 
bronze welding. Brazing is almost the equivalent of soft soldering used in electrical 
applications. Parts that need to be joined by brazing have to fit with precision. Due to the 
lower temperatures of brazing, the heat affected zones are also much smaller. Many British 
made space frames were constructed using the brazing welding technique. (Aird, 2008; 
Pashley, 2008) 

MIG welding was developed in the 1950’s and is a welding technique where the weld area is 
shielded of by an inert gas such as argon or helium. It works by feeding a consumable wire 
through a nozzle into a welding arc. The wire represents an electrode metal that normally 
contains deoxidizers to prevent oxidation of the molten-weld puddle. Both the deoxidizers 
and the inert gas help to protect the welding area from the environment. MIG welding 
generate fairly low temperatures, making it suitable for thin metal applications such as sheets 
and tubes and is popular when required to join larger gauges of material due to speed and 
ease of operation. MIG welding is preferable for thin gauge material if used for constructing 
space frame chassis and can be used on ferrous and non-ferrous metals. (Kalpakjian & 
Schmid, 2006; Aird, 2008; Pashley, 2008) 

TIG welding is recommended for any fusion welding applications and is suitable for thinner 
gauge materials. In TIG welding the arc is generated between the tungsten electrode and the 
work piece. Filler rods may or may not be used. TIG welds are regarded as very reliable and 
premium, but are also expensive. Nevertheless, TIG welding methods are recommended due 
to the fact that it has a low heat influence. There is also no flux present afterwards. The 
material’s hardening properties are also maintained. (Kalpakjian & Schmid, 2006; Baker, 
2004; Aird, 2008; Pashley, 2008) 

Tube geometry: round vs. square 
Another issue in material suitability and selection for a race car chassis is the option between 
round and square tubing. Numerous rules and safety regulations of different race series will 
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usually state the mandatory usage of these two geometries. Apart from that, there is still a 
performance factor that can determine the option between the two geometries. The 
manufacturer’s abilities should also be considered in the decision between the two 
geometries. (Aird, 2008; Pashley, 2008) 

Flat surfaces and space frames were traditionally constructed from rectangular hollow 
sections. Furthermore, square tubing’s alignment in construction is far more accurate while 
the fitting of sheet metal is also easier. Square tubing is only available in ERW (electric 
resistance welded) tubes. (Aird, 2008; Pashley, 2008) 

Though more difficult to construct than tubular hollow sections, round tubing is more feasible 
due to its torsional resistive integrity. Welding areas are also increased with the use of round 
tubing which increases strength at joined members. Round tubing is also likely to be weight-
efficient and it has the upper hand with regards to aesthetics. Though it is proven that the 
shape of any straight length of metal has no effect on its ability to carry a load in tension, 
square tubes have an estimated 18% less critical load value with regards to buckling 
compared to round tubing. (Aird, 2008; Pashley, 2008) 

Availability 
The other important aspect to consider in design and material selection is the availability of 
the materials required. Not all the required material may be available from a supplier 
according to the specifications given in manuals and material lists. Suppliers’ versions of the 
specified material may vary with regards to strength, heat treatments as well as available 
geometries. 

2.8 FINITE ELEMENT ANALYSIS  
Many phenomena in nature, including structural sciences, can be described with the help of 
mathematics and the laws of physics, in terms of algebraic, differential and integral 
equations. Analytical solutions and methods aren’t always suitable to solve practical 
engineering problems. It consists of finding mathematical equations and relationships that 
define the involved variables. Previously, these problems were simplified to a stage where it 
could be analytically solved. The simplifications led to uncertainties, causing large safety 
factors and low engineering standards. Numerical methods gained popularity with the 
increase in computer power and the emphasis of engineering analysis shifted towards this 
versatile solution technique. (Reddy, 1993; Fenner, 2013) 

Finite element analysis (FEA) can be described in mathematical terms as a numerical 
technique to solve partial differential equations that describe an engineering or scientific 
problem. The FEA is one of the most popular numerical methods used commercially and is 
widely used in various engineering problems. The FEA method is an engineering solutions 
technique that is numerically efficient and versatile while being transparent to the commercial 
user. FEA is one of many tools used by design engineers in the development of a structure 
or product. It forms a fundamental part of stress, structural, fluid and heat analysis. (Reddy, 
1993; Kurowski, 2012; Fenner, 2013) 

The procedures involving FEA gradually evolved and were developed by scientists in the 
fields of engineering, physics and applied mathematics. The finite element method involves 
the division of a physical system into smaller sub regions or elements. Each element 
represents the behaviour of the applicable physical problem in terms of the relevant 
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equations. These procedures were first applied to structural analysis. With the developments 
in digital computers and derived stiffness matrices for truss elements, beam elements and 
two-dimensional triangular and rectangular elements, the phrase “finite elements” was first 
used in the 1960’s. The increasing computer power helped to calculate vast amount of 
algebraic equations, which ultimately describes behaviours of the physical reality while 
solving it numerically. Since then, FEA applications appeared in the fields beyond structural 
analysis. FEA software became available on microcomputers by the late 1980’s, with 
features like automatic mesh-generation, interactive graphics and pre- and post-processing 
capabilities. (Shih, 2012; Fenner, 2013) 

CAD models are the starting phase to define a FEA model. The FEA method uses the 
geometric descriptions formulated in the CAD model for its numerical analysis. FEA as an 
integrated design tool allows the engineer to design prototype iterations in the virtual space 
of computer simulations instead of physically manufacturing the iterations (Kurowski, 2012). 
Any design of any concept involves several activities from the original idea to the finished 
product. The process includes several stages of creation and modification. Preliminary 
design analysis, component design and crashworthiness are increasingly done by finite 
element methods. (Yucheng, 2010; Shih, 2012;) 

Due to budget and time constraints, engineers have always been looking for techniques to 
analyse three-dimensional designs without building a physical model (Shih, 2012). FEA 
models can easily be created on computers, thanks to the developments and advancements 
made in the computer industry with regards to storage technologies and computing power. A 
model created on a computer can easily be interpreted and modified. The FEA is thus a 
method that numerically solves problems encountered by engineers and scientists by 
simulating real life situations on computers. 

2.8.1 TYPES OF FINITE ELEMENTS 
The FEA method finds an approximate solution by dividing a given model into small sub-
regions using a numerical solution technique. Continuous and usually unsolvable 
mathematical models are split into finite elements by means of meshing. The sub-regions are 
identified as elements which are interconnected by a finite number of points on each 
element, called nodes. This approach allows the governing equations to be solved more 
adequately, in comparison with the solution of the whole region’s equation. FEA packages 
enable numerous types of finite elements and new types are constantly developed as 
research continuous on this subject worldwide. Most FEA packages’ finite elements can be 
divided into three categories depending on the application and dimensions. All these types of 
elements are three-dimensional elements capable of deforming in a three dimensional 
space. 

One-dimensional elements (Beam Element) 
One-dimensional elements are also known as line elements. One-dimensional elements are 
typically used in beam and truss applications. These elements are created by meshing 
curves, also known as wire frame geometry (Figure 2-19).  
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Figure 2-19: Illustration of a beam element cross-section 

It is the preferred meshing technique for elements in structural members. In a FSAE space 
frame structure, two-node beam elements represent the steel tubing of the structure. Using 
the reduced-dimensionality elements, only the second moment of area, cross-sectional area 
and material properties of the structure are required for the analysis. The elements are 
represented by lines with the assigned characteristics form the complete structure (Figure 
2-20). Three-dimensional structures can be studied with beam elements with two dimensions 
which are not explicitly represented by the model geometry, removed from its original 
geometry. (Kurowski, 2012; Shih, 2012; Siegler et al, 1999) 

 
Figure 2-20: Illustration of a structure broken down to a line element and its profile 

In one-dimensional line element applications, the FEA solutions and results are usually very 
accurate when compared to the truss and beam theories and analytical calculations. Closed 
solutions of more complex or more dimensional problems are very rare however. All designs 
and applications could be modelled using FEA, but simplified models can improve the 
resource usage efficiency for obtaining FEA solutions and results. (Kurowski, 2012) 

Two-dimensional elements (Shell Elements) 
Two-dimensional elements are also known as plane elements. Plane elements are used in 
membrane, shell and plane stress problems. Surfaces or faces of solids are made up of shell 
elements (Figure 2-21). Such elements will usually be used for the analysis of thin-walled 
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structures. The user will be required to provide the model’s input thickness, as the shell 
elements will not contain this information. (Kurowski, 2012; Shih, 2012) 

 
Figure 2-21: Illustration of a shell element 

Three-dimensional elements (Solid Elements) 
There are many descriptions for the three-dimensional kind of elements, including tetrahedral 
and hexahedral elements. Solid elements are one of the most popular elements used in solid 
CAD geometry. Tetrahedral solid elements are used for meshing such geometries (Figure 
2-22). (Kurowski, 2012; Shih, 2012) 

 
Figure 2-22: Illustration of solid element 

2.8.2 FEA AND SOLIDWORKS ® 
SolidWorks® simulation is part of the family of products originally developed by the Structural 
Research and Analysis Corporation (SRAC). It involves FEA, commercially implemented to 
solve problems commonly found in design engineering. SRAC operations merged with the 
SolidWorks Corporation in 2003 and in 2009, the previously known COSMOSWorks was 
renamed as SolidWorks® Simulation. (Kurowski, 2012) 

The SolidWorks® CAD software integrally accommodates SolidWorks Simulation and is 
responsible for the creating and editing of model geometries. SolidWorks is a reliable, 
feature-driven CAD system, specifically developed for a Windows operating system. Other 
FEA software packages include ANSYS and NASTRAN. (Kurowski, 2012) 
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SolidWorks® can be used to design, develop and analyse various structural applications, 
including a FSAE chassis. Space frame chassis structures can be created and modified with 
the SolidWorks® CAD software, while the SolidWorks® Simulation software analyses the 
model with its FEA capabilities. The one-dimensional or beam element is the ideal meshing 
type for space frames comprised of structural members. (Shih, 2012) 

2.8.3 FEA VERIFICATION AND VALIDATION 
Engineers increasingly depend on computer aided engineering (CAE) with regards to design 
decisions and analysis. FEA is a common CAE tool used in the design process. The results 
produced by the FEA and reliance on it bring about the concern of how relevant the analysed 
results are compared to the real life scenario. FEA results should always be verified and 
validated to ensure the correct engineering decisions are made. To differentiate between the 
verification and validation terms, it is required to understand the FEA modelling itself. 

Every analysis starts with a defined mathematical model (Figure 2-23). The mathematical 
model contains everything that defines the part, including the geometric information, material 
properties, loads and restraints. The model also contains the type of analysis. All the inputs 
of a mathematical model produce accompanying assumptions and simplifications which can 
influence the results. It is important that the mathematical model include the vital aspects of 
the actual object that needs to be analysed. However, mathematical models aren’t always 
error free. Most errors occur as simplification assumptions and are unavoidable. Each 
assumption should be well understood and justified for successful analysis. 

 
Figure 2-23: Illustration showing the development of the defined mathematical model 

FEA works the same way many numerical techniques do. The mathematical model is 
discretized into finite elements which are known as the FEA model (Figure 2-24). The 
discretisation process is commonly known as meshing. The meshed FEA model contains 
nodes which are interconnected with elements. The relations between the nodes are defined 
by the finite elements. The loads and restraints are also discretisized and applied to the 
nodes, while the mass properties are evenly distributed among the nodes. The size of the 
elements and the number of nodes is crucial for the FEA model’s accuracy. The FEA solution 
can commence once the FEA model is created, which involves the solving of numerous 
linear algebraic equations. The solution produces results which is analysed and assessed 
according to the predefined design criteria. 



 

School of Mechanica l and  Nuc lea r Engineering  
 

 
2-28 

 
Figure 2-24: Illustration showing how FEA are obtained from the mathematical model 

Understanding the FEA development and process, differential explanations can be made 
between verification and validation (Figure 2-25). Verification is done by checking whether 
the mathematical model is correctly discretized and solved. Validation determines whether a 
FEA model represents the reality from the perspective of the intended use of the model. 
Thus, the validation process examines if the results are correctly described by the real life 
scenario of the analysed object. 

 
Figure 2-25: Illustration explaining the difference between validation and verification 

Failed verification tests involve incorrect meshing, solution convergence failures and other 
problems concerning the solution of the mathematical problem itself. Verification is followed 
by the validation process. 

Validation involves the application and the definition of the mathematical model. Validation 
involves the establishment of the correctness of the mathematical along with the correctness 
of its solution. Incorrect load and restraint definitions will produce validation failures. It also 
applies to all definitions of the mathematical model. All of this emphasises that every problem 
and analysis should be understood fundamentally and evidently. 
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2.9  FORMULA S AE SERIES  
The SAE International (formerly known as the Society of Automotive Engineers) is 
responsible for organising the FSAE student design competition. Known as the Mini Indy, the 
first competition was held in 1979 at the University of Houston in Texas. The competition was 
run as an added variant to the existing Baja competition. Though the Baja competition was 
sufficient for chassis design practice, there was still the need for students to get involved in 
the power train department of a race car as well. The FSAE competition provided this 
opportunity. The new FSAE competition was intended to take the cars to the next level of 
engineering. 

In 1993, the three U.S motoring giants (General Motors, Ford and Chrysler) formed a 
consortium to run the FSAE competition. The consortium was dissolved after a few years. 
The current event is funded by the SAE organisation with the help of company sponsorships 
and donations as well as the participated teams’ enrolment fees (SAE International, 2013). 
Figure 2-26 shows photos of existing teams, FSAE cars and achievements. 

 
Figure 2-26: Formula SAE car and its competition achievements (FSAE, 2011) 

2.9.1 ABOUT THE SERIES  
Targeting the non-professional weekend racer as a marketing group, the idea behind FSAE 
is to develop a small formula-style race car (Figure 2-27). The idea behind the competition is 
that a fictional manufacturing company has approached a design team to develop a 
prototype race car which is to be evaluated for its potential as a production item. (SAE 
International, 2013) 

To develop and ensure innovative problem solving skills by the engineering students, a 
prototype is to be designed, built and tested based on a series of rules given by the SAE 
organisation. 

 
Figure 2-27: Photos of FSAE cars in action on a racetrack (FSAE, 2011) 
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2.9.2 RULES 
The design team has to be made up entirely of enrolled students. The competition has 
comparatively few performance restriction rules. This eases the restrictions present at most 
other racing competitions, thereby enabling students with a lack of practical expertise and 
with limited access to specialised equipment to enter. Furthermore, the points system of the 
competition is organised in such a way that multiple strategies by the student design teams 
can lead to success. This also ensures that a variety of different solutions and prototypes are 
entered (Formula SAE Rules, 2012). 

The technical rules applicable for the general design and chassis are discussed in the 
following section. 

2.10   LITERATURE SURVEY CONCLUSION 
The literature survey introduced the reader with the nature of a motorsport environment and 
discussed many of the aspects and characteristics involved in the design of race car chassis. 
Key characteristics of a race car chassis design characteristics are explained to enhance 
vehicle performance. It covered the different chassis and concept design styles and the 
forces chassis needs to disperse. Material selection and manufacturing aspects were 
discussed, together with engineering tools for chassis design and analysis. The chapter 
concludes with the FSAE competition and its description and purpose followed the purpose 
and scope of the study. 

2.11   PURPOSE AND SCOPE OF THE STUDY 
After reviewing literature on the science of motorsport, chassis, engineering applications and 
the FSAE competition, the purpose and scope of the study can be made with regards to the 
problem statement and objectives set out in Chapter 1. 

• Review and identify the applicable FSAE chassis rules. Compulsory structural members 
such as roll hoops, bulkheads, side impact structures and structural braces need to be 
taken into consideration. Only the chassis is investigated as the sole and primary 
component. 

• Prioritise and quantify the main performance parameters such as high torsional stiffness 
and minimum deadweight. 

• Apply design principals to develop various chassis concepts with a computer aided 
design package. 

• Evaluate the selected design with finite element analysis simulations. 
• Manufacture the designed model. 
• Prepare experimental setups to validate the simulation results with the manufactured 

experimental model. 
• Assess generated simulation and experimental results. 
• Draw conclusions regarding the accuracy and applicability of the simulation model. 

Equation Section (Next) 


