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[bookmark: _Toc164098368]Aims
The aim of this proposal is to outline a perceived gap in the literature and propose a solution to resolve that gap. Alongside that, it aims to outline any foreseen risks and mitigation procedures and provide a plan for the timing of the project
[bookmark: _Toc164098369]Objectives
· A literature review on the existing solutions
· Identification of the lacks evident in the literature review
· Plan of a solution to resolve the deficits 
· Overview of existing proof of concept 
· Identification of risks and mitigations
· Approximate timeline and key milestones to meet
[bookmark: _Toc164098370]
Literature Review
The focus of this literature review is an overview of the current simulation methods used in the simulation of motorcycles. A key sub focus of this is on idealized lap simulation as this is a very popular field in recent studies and where there seems to be great room for improvement. 
[bookmark: _Toc164098371]Acceleration Plots
The first step for a lap simulation is defining the capabilities of the bike as defined by longitudinal and lateral acceleration plotted against each other as this defines the operation window that everything else can be defined from. The lateral limits define the available cornering performance, the longitudinal defines how the bike can accelerate and decelerate in plane. Whilst individually both are important, plotting the two against each other opens doors for simulation as when you’ve plotted the outer limits you know any point lies within, key for situations such as the bike turning into a corner under braking, or trying to accelerate out of a corner. This is especially important as in a lap scenario the bike is virtually never upright (Figure 1), it is always experiencing lateral and longitudinal acceleration simultaneously (Figure 2). 
[image: ]
Figure 1 - A plot of lean angle against track distance from lap data (UWTSD, 2024)
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Figure 2 - Lateral and Longitudinal Acceleration against track distance (UWTSD, 2024)
A leading method is an abstraction of the bike to a point particle with no suspension deformation and infinitely thin tyres (Biniewicz & Pyrz, 2023). This simplification is used as it substantially simplifies the maths whilst allowing comparisons in bike setup, emphasizing the influence of frame geometries whilst negating other factors. This is also the method used in some simulations ran by industry standard software (VI-Grade, 2020).
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Figure 3 - Acceleration plot from data compared to the theorectical optimum (Biniewicz & Pyrz, 2023)
Figure 3 highlights a limitation of lap simulations however, where the rider isn’t willing to reach the edge of the envelope. It includes a profile of front brake use only and a theoretical maximum presuming the rider always uses absolutely optimal brake bias. Given this isn’t representative of how a rider behaves it is important to correct the theoretical limit, shown in figure 3 by the hybrid line (Biniewicz & Pyrz, 2023). It is possible that this will change with rider confidence and ability so it is important that simulations are tuned to the rider from data to allow accurate comparisons of bike changes in that context.
Figure 3 also shows a very good fit to the positive longitudinal acceleration. This may be influenced by the studies use of lower powered bikes so the longitudinal acceleration is governed a lot less by rider confidence and ability and more the engine power being the relatively fixed limiting factor. As a result, this is a limitation of the study and would particularly benefit from further study on higher powered bikes.
A further limitation is that this study did not account for the influence of speed on the acceleration plot. Increased speed results in increased drag power which will shift the plot towards the negative (figure 4). Alongside this the bike would be in a different portion of the powerband so the positive limit would change. This may not be a major issue however as the higher speed data points are a lot more clustered around the origin than when at lower speeds. Accounting for the plot changing with speed is important however as especially with the growing introduction of ground effect and downforce devices on the upper level of bikes, speed is likely to have much greater influence on the lateral acceleration limits too (Katz, 2022).
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Figure 4 - Acceleration plots through a) a range of speeds and b) a range of road attitudes (Lovato & Massaro, 2022a)
Figure 4 not only shows an offset to the graph but in figure 4a it shows the changing shape of the graph. The upper limit comes closer to the origin and flattens out due to the limitation of engine power overcoming the increasing drag power. However the lower limit moves away from the origin due to the increasing drag power slowing the bike down. It is also important to notice that the lateral acceleration does not change due to this paper not accounting for the aerodynamic influence on lateral acceleration (Lovato & Massaro, 2022a). Figure 4b also highlights the importance of accounting for the track design with the downward pitch or banking shifting the entire acceleration plot.
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Figure 5 - Influence on changing Centre of Mass position on the acceleration plot (Biral & Lot, 2009)
Figure 5 further shows the importance of accounting for the Centre of Gravity position changing as it has a marked impact on the acceleration plot. This highlights the limitations of a rigid body analysis and also the difference that the ability to model bike setup changes can have.
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Given the clear difference shown by figure 4b, it is important to consider the modelling of the track surface.
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Figure 6 - Solid line represents a 3D track surface whereas the dotted line is a 2D model around Mugello turn 9 (Lovato & Massaro, 2022b)
Figure 6 illustrates the impact of modelling the angle of the track surface on the speed modelled through turn 9 of Mugello. As a result, it is essential to model the vertical aspect of the acceleration plot too if the data is to be used for comparison readouts. When using a 2D model, not only does it limit direct comparison and validation of instantaneous bike performance, it can be seen the utility of an overall lap time simulation tool is limited, with a 3-4 second variance reported around Mugello (Lovato & Massaro, 2022b).
Another key consideration from this paper is the comparison they made between using a quasi-steady-state model and a true dynamic model. By quasi-steady-state model, they divided the lap down into small slices and calculated at each point as if the bike was static albeit influenced by the surrounding conditions . By taking smaller and smaller slices, as they tend towards zero the simulation approaches a true dynamic simulation. The benefit of this approach is that it makes the maths substantially simpler, and from an analytical standpoint it allows taking outputs from each slice to build a picture of what’s happening. Furthermore, in the study supports the use as they found that quasi-steady-state models were 2 orders of magnitude faster in processing time than a dynamic simulation, whilst retaining accuracy (Lovato & Massaro, 2022b).
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Figure 7 - Mugello turn 15: speed, roll angle, curvature and racing line. Solid experimental, dotted being a dynamic simulation (Leonelli & Limebeer, 2020)
Figure 7 shows a validation study of dynamic simulation against experimental data. In this study (Leonelli & Limebeer, 2020), they used an approach to model the track also used in industry software (VI-Grade, 2020). It is a more efficient system, treating the track surface as a ribbon and the bike position being modelled by the displacement along the ribbon and lateral displacement from it. This allows much simpler modelling and better comparison than a global XY coordinate system that is often used.
It also highlights the need for a tyre model separate from the general bike model, with them considering the influence of tyre profile unlike the other simulations. They also utilized the Pacejka magic tyre formula which is an empirical formula that uses tyre loading and lean angle to approximate how it will react and perform. By pulling the tyre model out, as done by Vi-Grade, it allows more flexibility in simulation. For example there could be an input file using the Pacejka tyre formula, or it could be populated by measured values for the tyres in use. 
They also further looked into the influence of a 3D track surface on the same track as the quasi-static model (Leonelli & Limebeer, 2020; Lovato & Massaro, 2022b). Their key findings were that the greatest influence of the 3D surface was on required lean angle of the bike (due to track banking) and on the vertical and lateral loads seen at the tyre. This indicates that a 3D track model is absolutely essential for simulating the limits of a bike and how it is the only chance to get data that can be reliably validated against the real world. They also highlighted that the natural evolution of their work would be to move away from the rigid body model and to begin to account for suspension travel, improving accuracy and allowing greater data outputs from the simulation (Leonelli & Limebeer, 2020). 


[bookmark: _Toc164098373]Proposal
The aim of this research is to build upon the current generation of lap simulating solutions. The literature has highlighted the importance of using a 3D track model and the ribbon method of modelling will be used. The focus will be on building out the bike model, specifically looking at the impact of moving away from the rigid body model and accounting for the influence of suspension travel on simulations. A benefit of considering suspension travel is that it is a common variable to be logged on real world track data so it will particularly aid validation (UWTSD, 2024). Side considerations to try and improve upon the bike model are the consideration of tyre models and aerodynamic influence however these are much harder to validate due to limitations in recording data.
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Figure 8 - Front Suspension Displacement against track distance during a lap of Castle Combe (UWTSD, 2024)
The aim is to record data beforehand to build a track and bike model with sub-models such as those for tyres,rider positioning and powertrain. The bike model is intended to be a useful standalone tool for bike configuration in a workshop environment. For example, how variables such as wheelbase change with suspension travel/wheel loading, or ideal spring rates for that configuration based on existing data. Allowing a bike to be set up with an effective baseline before it even reaches the track. 
Track side, it has further utility. The riders line and factors like brake bias can be inputted and validated to build a picture of how they ride that bike on that track. From there, changes can be modelled (e.g. would the bike be likely to bottom out with a softer spring). Alongside this, by defining the bikes performance envelope it would be indicative of how close to that envelope the rider is getting. The data could be applied to a different track, presuming there was data of a racing line, and predict the ideal setup for that, what sort of time can be expected, would that track need stiffer springing or different final drive gearing.
The key to achieving this a mathematical model of the bike is required, taking inputs from measurements of the frame and swingarm and using that to define the location of each point. For this, a polar method of measurement was chosen using point to point distances on the frame. For the purposes of this research, an Aprilia RS660 will be used due to the university having one for convenient measurements and one being raced by fellow university student Brody Crockford. This allows useful feedback on the utility of the tool and a constant stream of data to validate against and compare to. Furthermore, as a bonus, that particular bike uses a direct shock configuration, the rear shock absorber is mounted directly to the swingarm and the frame. This simplifies the modelling of it when compared to a more common linkage style bike.
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Figure 9 - Example of the mathematical model with diagram and legend
Figure 9 shows the fundamental layout of the direct shock bike model that’ll be used, with the dotted line showing construction distances that are key to making it work. This model converts the real world bike to just a geometry problem, using the cosine rule to define distances and angles between each point. The key to its utility is the distances and angles that are fixed for the purposes of the model. For example lines f, g, h and theta define the frame and are treated as fixed. Once these are configured the other distances can be tuned, for example the impact of a longer rear shock being calculated on the angle between h and j, and therefore on the swingarm angle and wheelbase.
This model would need to be validated against the actual bike and this is a further utility of the construction lines, defining fixed points. The plan for this is to artificially define the values of the front fork and rear shock, points a and i. The plan is to compress the rear shock by a fixed amount, measuring its new total length, inputting that into the model and compare the predicted values of e to the measured values with the shock compressed. This will also be conducted on compressing the front suspension and measuring the resulting values of d and e and comparing that to predicted. Furthmore, front and rear will be compressed simultaneously and d and e compared. By doing these 3 tests through a range of lengths of the front and rear shocks a table of error can be populated. 
The bike geometry model utilizes the swingarm pivot as a fixed reference point with each bike point defined via polar coordinates from it. Using this same bike reference model it allows other points to be defined against it, such as the Centre of Gravity or the Centre of Aero Pressure. Keeping all of this as separate sub-models allows greater flexibility in the modelling of the bike as they are liable to change. Unlike in a car model, the rider makes up a significant proportion of the overall mass and them moving makes a big difference to the centre of gravity, and the centre of aero pressure. This allows the sub-models to be tailored and allows greater simulation opportunities with increasing data opportunities. 
[bookmark: _Toc164098374]Existing work
A proof of concept was created to show the model working as intended. Point to point measurements were taken on the university Aprilia RS660 Trofeo to define the baseline.
Table 1 - Compilation of measured and calculated bike values
[image: ]
From these inputs the bike can be modelled using the direct shock calculations. 
[image: ][image: ]
Figure 10 - Graph of the bike model at full droop and full compression (note not normalized relative to the ground)
Figure 10 shows the comparison resulting from the model of the bike at full rear droop and showing full rear compression. 
Table 2 - The carried over, changeable and resulting values
[image: ]
Table 2 shows the underpinning values and the flexibility of the model.

[image: ]
Figure 11 - Link Ratio with rear shock compression
Figure 11 shows an example of how the tool can be used, outputting how the link ratio at the rear changes throughout the rear suspension compression.
[image: ]
Figure 12 - Demonstration of varying link ratio at max and min travel with changing shock length
Figure 12 shows the utility as a setup tool, highlighting how the link ratio varies as the rear shock length is changed (ie raising or dropping the rear). The link ratio is essential to ensure that the rear suspension is accurately specified, allowing the aforementioned workshop baseline. 
[image: ]
Figure 13 - Comparison of RS660 tyres
Alongside this, a tyre model for the RS660 was created from measurements taken from the tyre profile.
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Structure
	Date
	Milestone
	Solution if not met

	24/05/24
	Validation of bike Geometry model
	Revise the model or input conditions 

	31/05/24
	Completion of the Tyre model
	Shouldn’t be an issue, already have data

	07/06/24
	Completion of the powertrain sub model
	Shouldn’t be an issue, already have data

	21/06/24

	Aerodynamic drag sub model 
	Use of approximate values until fulfilled

	05/07/24
	Rider Centre of Gravity modelling and experimentation of the impact
	Use of current values at a fixed point until resolved

	26/07/24
	Finalization of track models
	Already have data for Castle Combe so will be possible even if no other tracks are documented. Absolute worst case a 2D model will be adopted

	02/08/24
	Validation against a range of tracks
	Worst case default exclusively to Castle Combe

	09/08/24
	Beginning of result write up
	N/A



This research has little risk bar the failure of validation studies, in which case the model and input conditions will be revised until it either matches or defines a limit of the models. With the exception of the aerodynamic results which need separate testing virtually all of the required values have been recorded or can be from the static bike. 
A limitation however is that the only real tool available for the aerodynamic testing is a coast down test, returning longitudinal drag value, giving no consideration to the affect on cornering or downforce. Without access to a wind tunnel, approximation is the only real option. As mentioned earlier the rider introduces a lot of uncertainty in the results as they tend to constantly move and that is incredibly hard to measure and model. As a result approximate limit results will have to suffice with the presumption that the rider is operating within that window. 
Table 3 - Comparison of Moment of Inertia measurements at 95% confidence
[image: ]
Furthermore, it has been found that some values, such as moment of inertia in table 3, vary greatly depending on the way in which they are measured. To compensate for this a range of values will be used based upon what has been measured. This provides a potential further contribution to literature by assessing which matches best with the generated data. As a result, the likely potential risks provide a fantastic opportunity for further model refinement as they are a product of the real world that the simulation is attempting to emulate.
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Figure 14 - Underpinning maths for the inputs
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NotationDescription Value

ε

Rake 24.1

Rf Front Tyre Radius 0.2999

Rr Rear Tyre Radius 0.3149

a Used Fork Length 0.735

b Fork Offset 0.028

c Effective Fork/Axle-Stem 0.73553314

d Front Axle-Swing Pivot 0.865

e Front Axle-Rear Axle 1.385

f Stem-Pivot 0.742415332

g Stem-Upper Shock 0.544669143

h Pivot-Upper Shock 0.27

i Used Rear Shock 0.305

j Pivot-Lower Shock 0.25

k Pivot-Rear Axle/ Swing Length 0.545

l Lower Shock-Rear Axle 0.394

θ Constant Head Angle 69.46087545
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Fixed

Notation Desription Value

f Stem-Pivot 0.742415332

g Stem-Upper Shock 0.544669143

h Pivot-Upper Shock 0.27

θ Constant Head Angle 69.46087545

Inputs

Notation Desription Value

a Used Fork Length 0.735

b Fork Offset 0.028

i Used Rear Shock 0.305

j Pivot-Lower Shock 0.25

k Pivot-Rear Axle/ Swing Length 0.545

l Lower Shock-Rear Axle 0.394

Calc

Notation Desription Value

c Effective Fork/Axle-Stem 0.73553314

d Front Axle-Swing Pivot 0.865

e Front Axle-Rear Axle 1.385
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