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Comfort contact and control, a vehicle suspension systems principal functions are to isolate the sprung mass from road anomalies, resisting the high frequencies subjected to the vehicle whilst also allowing driver input to be precisely delivered back to the road through the vehicles contact patch, ensuring vehicle control (Campbell, 1981, p.1).
Unfortunately, these are conflicting requirements which must find harmony by evaluating the vehicles intended use and favouring the characteristics that best suit these purposes. Generally, a compromise between the two is endeavoured, but as a vehicles purpose becomes more intentional these conflicting functions become more pronounced (Thoresson et al, 2007).



2. [bookmark: _Toc34656092]Research
Handling can be described as the proportion of friction available, utilised by the driver. When driving conditions are fair and the car is acting within frictional limits, driver input is reciprocated at the wheel ensuring a confident predictable ride. However, when the vehicle is pushed beyond these limits, handling is compromised, and control is lost (Thoresson et al, 2007).
A vehicles suspension spring absorbs the energy of the vertically accelerated wheel caused by road anomalies, allowing frame and body to ride undisturbed whilst the wheels follow the contours of the road (Zammit, 1987, p.98).
 The springs on the suspension system act as an energy storing mechanism. Whilst in compression, storing the energy of motion and once absolved, releasing the energy. In unison a damper is needed to control spring oscillations and effectively dissipate the stored energy, reacting to the velocity of impact (Autobutler, 2020).
Turning, braking and acceleration all utilise a damper system to smooth out the energy collected in the springs; generated whilst the vehicle moves through its degrees of freedom in any driving condition.  As driving conditions become more severe, so do the actions and responses of the suspension system endeavouring to maintain as full of a contact patch with the road as possible (Colins, 2018).
Harbin (2017) states that load transfer is the shifting of weight due to accelerative forces acting on the vehicle, how a vehicle responds to these forces is dependent upon the chassis and suspension design and setup.  Ideally all 4 tyres want to be evenly loaded utilising most of the contact patch therefore transmitting most road response and allowing the driver to utilise all available grip (Fenske,2017).
When a vehicle is static or at constant velocity, grip level can be considered to be 100% but as weight is transferred the available grip reduces in unison with the tyres contact patch, the aim is to reduce weight transfer to keep grip available as high as possible (Mansell, 2019).
 SEAS (2020) states that all accelerative forces act through the centre of gravity, and thus by lowering the centre of gravity, weight transfer is reduced. Increasing the track and wheelbase will also reduce the lateral and longitudinal forces accordingly (Oliveira Santos, 2015).
Another important consideration when determining vehicle setup is the role centre, a point along the vehicles centreline in which the suspension system rolls around (SEAS, 2020). The role moment is determined by the lateral forces experienced in cornering and the distance between the vehicles centre of gravity and roll centre, reducing this distance subjects the vehicle to less role (Bosch, 2000, p.353). Another vehicle response to counter the effects of body roll is the vehicles spring rates which alternating compression respond to the centrifugal forces inflicted upon them (Bosch, 2000, p.613). 
Anti-roll bars or sway bars are also utilised to minimise the rolling motion of a vehicle, attaching at each side of the suspension system, the system operates by transferring loads summoned from heavy cornering from the loaded side to the unloaded side through the roll bar in a twisting force (Robinson, 2018). Sway bars are effective in reducing roll but effectively get rid of the independent suspension system which can make the vehicle uncomfortable, adding further parameters to the formula of finding a balance between handling and ride comfort.
Evaluating ride comfort is often assessing the vehicles agility, consistency and disturbance rejection. Keeping the sprung mass isolated from the disturbing frequencies summoned from road irregularities. Typically a suspension system endeavours to keep major vibration frequencies confined to around 1 Hz with smaller frequencies between 0.1-0.5Hz inducing motion sickness whilst vibrations within the range of 4-8 Hz inducing fatigue (Campbell, 1981, p.22).
The intended application for the vehicle will reflect the magnitude of frequency and ride disturbance that is allowed to enter the driving cell. A family road vehicle would be considered unacceptable if it emitted the same comfort level as a race car and equally if a race car had the comfort of a family vehicle it would be redundant as an effective race car (Campbell,1981, p.22).
Spring stiffness affects how the sprung mass responds when a car is driven. Loosely sprung cars are prone to dive and squat when accelerating or braking and can have body sway or roll when cornering but offer good ride comfort. Inversely, tightly sprung suspension setups minimise body motion which is ideal for aggressive driving but offers less comfort in ride (Campbell, 1981, p.29-31).
Vehicle suspension systems have been developed to maximise control and comfort. Most modern vehicles will use an independent system such as the McPherson strut allowing each wheel to move independently of one another (SEAS,2020). The McPherson strut works effectively , is simple in design and cheap to create, making it a common unit amongst road vehicles.
 A double wishbone system, deriving from the same fundamental principles, is utilised in most racing applications. This system offers a more extensive range of setup variables that can be manipulated to gain more control. This system allows for changes to camber, caster and toe angles, as well as role centre and scrub radius (Robinson, 2018), which can be effectively arranged to maximise the vehicle contact patch throughout different states of motion, keeping maximum control over the vehicle.
Whilst all efforts to utilise the most from the suspension system are in effect, they will become redundant if the vehicle frame has flex within it therefore upsetting the suspension parameters installed. 
The torsional rigidity within a frame is an important measure and is dictated by the frames ability not to twist whilst under load (Adams, 1992).
Another integral factor to vehicle ride and handling is aerodynamics. The two basic forces are drag and lift. Drag being the resistive force of air against the vehicle as it moves and lift being the perpendicular force exerted by air onto the car, comprised of both positive and negative lift this result in both upwards and downwards thrust respectively (Wan, 2020). Positive lift is undesirable as this reduces tyre load and ultimately grip, in contrast negative lift adds load and increases grip (sciencedirect, 2020). This aspect is exploited in vehicle design and is commonly seen in motorsport such as formula one where vehicle aerodynamic design is engineered to create huge downforce resulting in vehicle stability. 
Drag has three main elements, frontal pressure, rear vacuum and skin friction, through which the relationship between the vehicle and airflow can be investigated (buildyourownracecar, 2020). As a vehicle is analysed, the vehicles co-efficient of drag is used as a measure of its ability to move through air, comprised from the vehicles shape. A streamlined vehicle having a lower value of co-efficient of drag as opposed to a boxy vehicle having a larger value (Engineeringtoolbox, 2020).
Streamlining a vehicle utilises shapes that will move through the air with least resistance therefore lowering drag force. This is seen across all vehicles and will be manipulated to aid the vehicles primary function, whether that is in a racing application to aid speed or in a road vehicle aiding fuel efficiency.
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In this chapter graphs have been produced in excel from baseline vehicle data that has been used to model vertical loads on the vehicles contact patches against certain variables.
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Figure 1. Vertical loads on vehicle contact patch`s (N), against lateral acceleration (G) 
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Figure 2, Vertical loads on vehicle contact patch (N) against longitudinal acceleration (G).
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Figure 3, Vertical load on vehicle contact patch (N) against velocity (m/s).
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Figure 4, Vertical loads on vehicle contact patch (N) against longitudinal acceleration (G) derived from series of combined acceleration of 1.5G at a velocity of 30m/s.
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Figure 5, Vertical loads on vehicle contact patch (N) against lateral acceleration (G) derived from series of combined acceleration of 1.5G at a velocity of 30m/s.
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Figure 6. Vertical loads on vehicle contact patch (N) against centre of gravity height (m), Both lateral and longitudinal acceleration have a value of 1.06 G.
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Figure 7, Vertical loads on vehicle contact patch (N) against wheelbase (m), Both lateral and longitudinal acceleration have a value of 1.06 G.
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Figure 8, Vertical loads on vehicle contact patch (N) against track width (m), Both lateral and longitudinal acceleration have a value of 1.06 G.
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Figures 1 and 2 express that an increase in both lateral and longitudinal acceleration results in weight transfer from right to left, and rear to front contact patches correspondingly. This is the response of vehicle roll in right hand cornering and the increasing aero loads creating drag, of which negative is experienced as down force in longitudinal acceleration. 
Data from Figures 1 and 2 expresses an inversely proportional load transfer between vehicle contact points. Figure 1 expresses that an increase in lateral acceleration results in the vehicles left side gaining and the right sides vertical contact load declining, this is also verified for longitudinal acceleration in figure 2, expressing an increase in front axle load and a decrease in rear axle load.
Figure 3 depicts a steady increase in vertical load across all four contact patches as velocity is increased, this is due to an increasing aero load upon the vehicle creating drag, resulting in down force and thus creating a larger vertical load at the vehicles contact patches. 
[bookmark: _GoBack]Figures 4 and 5 illustrates vertical load against longitudinal and lateral accelerations deriving from a series of combined accelerations to the value of 0-1.5G. 
The data portrays load transfer within a right-hand corner with highest load seen on the front left and lowest on the rear right. The data displays a left biased load throughout the series with a small ascension on the right side as the vehicle begins to exit the corner and equalise the load distribution.
It can be confirmed that it is not possible to achieve both lateral and longitudinal accelerations of 1.5G simultaneously as this would be well beyond the limits of the traction circle. The radius of which is 1.5. If both lateral and longitudinal had acceleration values of 1.5 this would equate to a combined acceleration of 2.12 G, which would be beyond the traction circles limits resulting in loss of grip and handling. With a combined acceleration of 1.5G, it is possible to achieve a maximum value of 1.06G for both lateral and longitudinal accelerations simultaneously, derived from Pythagoras theorem using the equation; .
Figures 6, 7 and 8 model suspension and chassis changes against the contact point’s vertical loads. The data represents that as the centre of gravity rises in figure 6, load transfer becomes larger resulting in vehicle instability, and beyond 0.5m the data reads the rear right contact patch loses contact completely. 
Figures 7 and 8 illustrate wheelbase and track changes against vertical loads respectively. Both figures express a decrease in load transfer as a response to a larger track or wheelbase resulting in vehicle stability. 
Figure 7 displays that with a wheelbase beyond 3m long, weight transfer between contact points stabilise and a wheelbase shorter than 1.3m results in extreme dive and a loss of contact for the rear right contact patch. 
Figure 8 also shows load transfer stabilising beyond a 2.5 m wide track and depicts a track width less than 1m will result in excessive roll and loss of contact for both front and rear right contact patches.
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From results found it is conclusive that as a vehicle moves through its degrees of freedom, vertical loads are transferred from one contact patch to another. As load increases on one contact patch it is reduced at another. For greatest control and handling, equal distribution and minimal load transfer is endeavoured. Major contributing factors to load transfer are track and wheelbase length, height of centre of gravity, aero load and the rate of lateral and longitudinal acceleration imposed on the vehicle.
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