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[bookmark: _Toc176706016]Abstract
A geometric model was created to define the relationship between areas of the bike throughout suspension travel. Alongside this a tyre model was created to define the radius of the bike as it leans in a corner. These were coupled with bike measurements and used to build a force model determining wheel loads, driving forces and suspension forces that was used to calculate suspension travel around a lap and validated against rider data on that bike. This also created a tool that could calculate values for the bike (such as rake, wheelbase and load transfer ratio) throughout the lap and be used for bike setup choices. Ideally this would be paired with a powertrain model to build a true lap simulator but this was not achieved and is the next logical progression.
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[bookmark: _Toc176706019]Project Overview
The purpose of this paper is to design and specify a system to account for the influence of changing geometry throughout suspension and how this affects the bike. This will be done in a way that can be used in a lap simulation to get a better indication of changing bike setup. Due to the lean angle having an impact on tyre radii, this geometry model is coupled with a tyre model to allow the bike attitude to be calculated at any range of lean angle or suspension travel.
[bookmark: _Toc176706020]Aims
· Build and validate a geometry model of an RS660
· Take tyre profile measurements and build a model to relate tyre radius to lean angle
· Convert measured power data to a usable format for lap simulation
· Build this into a force model that relates all of the input forces to the contact patch
· Relate the contact forces to those on the suspension units
· Place this model onto a track model and validate against existing data
· Build this into a complete lap simulator
[bookmark: _Toc176706021]
Literature Review
[bookmark: _Toc176706022]Bike
A current method is to model the bike as a rigid point mass with infinitely thin tyres (Biniewicz & Pyrz, 2023). This is a useful abstraction as it simplifies the iteration of the lap simulator and required inputs whilst still allowing some setup changes to be reflected. This can be useful in itself by isolating the effects of certain changes. The prevalence of this abstraction is shown by industry software using it for rough approximations to save processing time (VI-Grade, 2020).
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[bookmark: _Ref176701523]Figure 1 - Theorectical optimum acceleration plot against measured data(Biniewicz & Pyrz, 2023)
Figure 1 shows how a lap simulator can be used to compare rider performance as it defines an upper limit of the bikes capabilities and this can be used as a comparison benchmark, how much of the defined limit are they using. The optimum plot also allows better bike comparison as it shows what the bikes are capable of, as opposed to what the riders are, this negates the issue of bike comparisons with differing rider confidence. 
Figure 1 also shows the importance of accurately representing the bike braking, as the use of the rear brake greatly changes the shape the plot, allowing greater deceleration. They also however defined a relationship that better reflected how the rider would use the bike. Alongside this, it highlights the importance of accounting for velocity in the available acceleration (as shown by the changing dot colour) as in the positive longitudinal this tends to lower values due to the aerodynamic drag (better shown in Figure 2). Alongside this at different speeds the engine will be at different portions of the rev band and therefore have varying power available. 
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[bookmark: _Ref176702104]Figure 2 - How acceleration plots are influenced by a) speed and b) track surface (Lovato & Massaro, 2022a)
Figure 2a highlights the changing shape and limit with increasing speed (and therefore drag) as more engine power is used to overcome the drag than it is to accelerate the bike. In deceleration this limit increases due to the drags aid. This paper however did not account for any changing lateral acceleration limit due to the aerodynamic influence (Lovato & Massaro, 2022a).
Figure 2b also shows the importance of accounting for the track model and how it influences the bike due to gradient and banking shifting the entire plot, and an idealised optimum bank expanding it everywhere.
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[bookmark: _Ref176702757]Figure 3 - How the changing Centre of Mass influences the acceleration plot (Biral & Lot, 2009)
Figure 3 shows how the geometry model accounting for suspension travel has potential to be useful. The centre of gravity moving (as it does substantially through suspension travel and lean angle) has a noticeable impact on the acceleration plot and bike behaviour (Biral & Lot, 2009).
[bookmark: _Toc176706023]Track
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[bookmark: _Ref176703125]Figure 4 - 3D track surface (solid) compared to 2D (dotted) (Lovato & Massaro, 2022b)
Figure 4 shows what an impact the chosen track surface model can have on the reported speed (at peak around 10%). This shows the importance of accounting for the vertical component of acceleration and the 3D model, especially when trying to validate calculated values against directly measured ones. A 2D model would skew the reported bike attitude but also potentially limit the utility of the lap simulator, with a 3-4 second variance seen in a comparison around Mugello (Lovato & Massaro, 2022b).
Another consideration is the comparison of a quasi-steady-state model as opposed to a true dynamic model. By dividing the lap into small slices and treating the bike as a static object influenced by external factors. As the slices get smaller and smaller, the quasi-steady-state model approaches the true dynamic but with simplified maths and an increased ease of taking outputs from the simulation. The study found the quasi-steady-state to require 2 order of magnitude less processing time without a loss of accuracy when compared to the true dynamic (Lovato & Massaro, 2022b).
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[bookmark: _Ref176704003]Figure 5 - Comparison of experimental (solid) and calculated values across speed, lean angle, curvature and racing line (Leonelli & Limebeer, 2020)
Figure 5 shows a validation of calculated data but also the use of a ribbon track model (Leonelli & Limebeer, 2020), which is also used by industry software (VI-Grade, 2020). It is a method of bike positioning along the track where the surface is treated as a ribbon, and the bike a point at a displacement along it. This is also coupled with the lateral displacement from the centre line and the angle of the track in terms of gradient and banking.
The same study also unusually used a tyre model, accounting for the influence of tyre profile. This was done using a Pacejka tyre model (Leonelli & Limebeer, 2020) which defines the tyre in terms of loading and lean angle. This could also be achieved more directly by taking measurements from the bike.
Furthermore, when comparing a 3D track surface against a 2D surface, it was found that the 3D track surface had a substantial impact on the reported lean angle but most importantly the lateral and vertical loads imposed upon the tyre (Leonelli & Limebeer, 2020; Lovato & Massaro, 2022b). This highlights how important it is to simulate on a 3D model as these forces directly impact the suspension loading, and therefore attitude for the next iteration. Furthermore, they did point out that the next key step would be to progress from the rigid body model, and begin to account for suspension travel (Leonelli & Limebeer, 2020).





[bookmark: _Toc176706024]Methodology
A key consideration with this bike model is to keep every model as succinct as possible and prevent things getting too bulky and complicated. This may prove to be limiting in the future with increased computational requirements (from each model having to continually reference others) but by breaking it down into simple independent building blocks it increases reliability, through being able to individually validate each, isolate issues and slot in improvements if required down the line. Keeping the geometry model separate allows other bike designs (even such as hub centric designs) to be swapped out and work as intended. Keeping the tyre model separate allows direct comparisons with rigid disc designs, easy change of tyre profiles and other considerations such as friction coefficient and spring rate. These simple building blocks are absolutely fundamental to this model being applicable to virtually all bikes, even going forward as technology and knowledge changes and advances. Furthermore, by breaking the models down to base principles and forces, without making presumptions, it allows the simulator to be pushed beyond current methods, for example modelling a front wheel drive, or dual wheel drive motorcycle. 
[bookmark: _Toc176706025]Geometry Model
[bookmark: _Toc176706026]Theory
In order for the bike dynamics to be calculated it is essential to be able to model the relative positions of frame components as the move through suspension compression. This is important as it is relatively unique between bikes and allows the setup changes to be modelled, such as a differing swingarm length or fork rise through the clamps. The net result of this allows you to see how driving factors for key variables, such as rake and wheelbase, are changed by bike configuration and through suspension travel. Furthermore, it provides a reference plane that can be used to pin the reference locations required for other models used, such as the tyre model based around the location of each axle in the geometry model and allowing things such as centre of gravity to be located relative to the bike. 
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[bookmark: _Ref175320914]Figure 6 - The legend for the value naming convention of the geometry model
Figure 6 demonstrates the underpinning ideal and naming convention of the model. It seeks to break down the bike into a series of distances and angles between all of the key points. By constraining how these values can change both in length and angular relation to each other then it allows set values to change and the resulting change calculated. It is also noteworthy that in Figure 6, values that seek to represent a true variable of the bike (such as I representing the rear shock length) are in solid colour, whereas construction lines (such as value K representing the straight line distance between the pivot and rear axle) are represented with a dotted line. The measurements that the notation relates to is described in Table 1. Furthermore, notation for angles used during construction is achieved with an angle designator (for the MATLAB script, ang) and then the two adjacent values, for the purpose of this paper, the notation ∟ is used, so the angle between lines H and J would be represented as ∟HJ.
[bookmark: _Ref175400290]Table 1 - Table describing the physical values for the geometry notation and whether values are calculated or measured
	Variable
	Description
	Calculated/Measured

	A
	The distance from the centre of the axle to the surface of the top clamp. Any front suspension travel is subtraction from this value
	Measured

	B
	The fork offset 
	Measured

	C
	A calculation line for the hypotenuse of A and B. This allows working with a triangle rather than a quadrilateral. Represents the distance between the front axle and top of the stem
	Calculated

	D
	The distance between the front axle and swingarm pivot
	Measured

	E
	The distance between the front and rear axles
	Measured

	F
	The distance between the top of the stem and the swingarm pivot
	Calculated

	G
	The distance between the top of the stem and the upper rear shock mount
	Calculated

	H
	The distance between the upper rear shock mount and the swingarm pivot 
	Measured

	I
	The length of the rear shock, or distance between the upper and lower shock mounts. Rear suspension travel is subtracted from this value.
	Measured

	J
	The distance between the swingarm pivot and lower rear shock mount
	Measured

	K
	The distance between the swingarm pivot and the rear axle
	Measured

	L
	The distance between the lower rear shock mount and the rear axle
	Measured



Table 1 also highlights the values used that were calculated instead of measured. Alongside the ones highlighted, three further measurements are required: the front and rear wheel radius and the rake of the bike in the starting configuration. These are a compromise for ease of access to measurements as measuring from the pivot to the stem would be difficult with factors such as the engine and frame blocking straight line access and the frames generally tapering in which would add a third dimension that would need to be mitigated. With the exception of rake, measuring angles is completely avoided as the straight line distances are easier to measure accurately and keeping to distances reduces the need for extra measuring tools, simplifying the input of values.
[bookmark: _Ref175401318]Equation 1 - Cosine Rule

For simplicity and ease of use/debugging, the equation governing all of the relationships between angle and distances is the cosine rule (as shown in Equation 1), in various transpositions. The only exception to this rule is for value C and the associated angles where the Pythagorean theorem and standard right angle trigonometric functions are used. For some values the sine rule can also be used and may prove better for optimisation, but it was decided that it had less risk of human error for the same equation to be inputted and used repeatedly for familiarity. If there was to be a debugging issue as well it is a lot easier to repeatedly check one equation than to reverse engineer the maths. To also aid debugging, the maths is kept largely as independent equations with only one value calculated at a time (as opposed to calculating an angle within the equation for a line). This is poorer from an optimisation standpoint as it requires extra ram usage but aids debugging as it makes it easier to identify incorrect values and reduces the risk of using extra processor time to calculate the same value repeatedly. A side benefit of this is that the construction values are there and available if they are needed for further computation (such as angles for the later force model). To mitigate increased ram use then the geometry model is used from within a MATLAB loop so the values that aren’t explicitly outputted to the matrices are cleared from the ram after the iteration has finished. This also allows tailoring the outputs to the requirements, which can simplify the programming if construction values are required later on.
In summary, measuring D, K and E allows calculating the angle between D and E. When combined with the rake and the angle generated by the differing wheel radii, the angles around the front axle can be solved for the angle between values C and D. This allows calculation of F. The angle between F and H can be obtained by summing angles around the swingarm pivot. This allows calculation of G and these three lines are taken to be the fixed frame of the motorcycle. Furthermore, the angle between line F and A can be calculated and this gives the final constant, the head angle of the bike. By keeping these fixed then as values are changed their impact can be calculated relative to the central triangle and populate the bike frame. The key outputs from the chosen inputs (with the exception of changing rear suspension geometry) are values D and E, defining the distance between the front axle and rear, and the front axle and the swingarm pivot. With the inputs and construction angles these can be used to calculate every point relative to everything else. 
[bookmark: _Toc176706027]Validation
In order to ensure the validity of the geometry model, a validation study was conducted. The method behind this was to lockout the suspension at set travel distances and take measurements of the bike to validate the outputs of the model. The two key measurements were the distance between the axles and the distance between the pivot and the front axle as these are the key outputs of the model and if these are correct then everything is working as intended. 
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Figure 7 - Example spacer for the rear shock, from design to printing
The lockouts were achieved by 3D printing some spacers for the front and rear suspension that were fitted around the shaft with the springs removed. This allowed the shaft to be set at precise repeatable distances. 20mm spacers were used on the front forks, whereas 10mm increments were used on the rear shock due to the link ratio exaggerating movement at the rear axle, along with its resulting shorter travel. In total six spacers were used on the front, being removed down to two. Three were used on the rear, being entirely removed until the bike sat on the (unremovable) bumpstop. This gave five measurements at the front, four at the rear, for a total of twenty combinations across the entire range of suspension travel. 
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Figure 8 - Measured bike setup
The way the bike was configured for the testing was to have it on peg stands to support the unweighted rear of the bike. Spacers were applied to the front and rear suspension and then the fork caps were removed (to eliminate the spring force) and the bike lowered onto the spacers with the headstock stand seen to the left. In contrast the rear would be adjusted using the ratchet strap to compress the rear shock by bringing the rear wheel up towards the subframe. A key note is that the rear was kept unweighted to facilitate faster testing as the front spacer would remain constant through the four rear spacers tested. This method with the strap allowed much finer control of the bike when adjusting solo and allowed quicker measurements due to the front spacers only being applied five times whereas the rear spacers were applied for each of the twenty measurements. This has the potential to introduce less consistent results on the rear due to the spacers being adjusted so often. To try and minimise that, the strap was set in the same manner for each measurement, fully tightened until there was pressure on the shock, then loosened one click so everything could just rotate on the shaft. 
[image: A person measuring a metal piece of metal

Description automatically generated]
Figure 9 - Demonstration of measuring the rear shock length with 3 spacers
A further issue with accuracy is the measuring of the length of the rear shock. That section of the frame has very little room but a 600mm vernier caliper was used to measure the length at each spacer setting to try and get the most accurate measurement possible.
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[bookmark: _Ref175320443]Figure 10 - Image showing the reference measurement points
Figure 10 shows the measurement points used, with long bolts passed through the hollow axle and pivot and extending out past the side of the bike in order to give consistent fixed reference points for measurements. Unfortunately they were threaded, as solid tubes would’ve reduced the risk of error from changing diameter, however this was mitigated against by only taking measurements to the point of greatest diameter. These reference points greatly increased the speed and accuracy of the measurements being taken by giving a fixed reliable point.
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[bookmark: _Ref175320463]Figure 11 - Demonstration of measuring to the reference point
Figure 11 gives an example of measuring the axle to axle distance to the reference point taking the measurement at the greatest diameter, in this case 1381mm. Tape measures are less accurate than ideal but in this case necessary given the distances being measured across. Something like a laser head has the potential to be more accurate but this is more attainable. 
Due to the potential for errors outlined, the results will be used as more indicative than absolute, and be used to define a tolerance window. If the calculated value is within this window it’ll be deemed a success. Furthermore, to prevent bias, all measurements were measured before they were calculated with the geometry model to exclude any confirmation bias. 
[bookmark: _Ref175403179]Key Limitations
A number of issues became apparent during testing: for example the first major one was the fact the bumpstop on the rear shock was not removable and tended to compress when loaded. Furthermore, when under significant load the small outer diameter of the rear spacer could push through the rubber. This could’ve been mitigated by intentionally having a rigid spacer pushed through the bumpstop, but there were concerns about it moving or damaging the rear shock. Another option would’ve been a flared spacer to spread the load across the bump stop and stop it from sinking in however there were also concerns about keeping this in place and repeatability. In the end, the method chosen was the use of the strap, tightened until there was just play in the bumpstop and spacers, to prevent compressing anything and to try and keep the results as consistent as possible. On top of this, any inconsistency could be mitigated against by the use of the rear shock measurement with each spacer applied. These did vary which highlights the imperfect nature of the solution and the mitigation being worthwhile
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[bookmark: _Ref175320244]Figure 12 - Demonstration of the top clamp being aligned with the end of the frame
A further issue found was that the experimental setup had no rigid way to secure the front wheel. This moving throws off both the required measurements. As the left hand side of the axle, where the measurements are taken, will move with any steer angle. This is then exaggerated in the measurements due to the use of the reference bolts. This was found to be an issue that resulted in anomalies in the early stage of testing and was mitigated against by ensuring the top edge of the top clamp was aligned with the front edge of the frame (as shown in Figure 12) and that measurements on the reference bolts were taken as tight to the bike as possible to minimise the impact of any distortion. Any impacted measurements were redone, and these matched the general trend of the data much more accurately. In the future, a dedicated rig should be used with rails to hold the front wheel at 0 steer angle relative to the frame, although this wouldn’t have worked with the method of raising the bike and taking measurements in this case and an entirely different approach would need to be used. 
Furthermore, a greater range would’ve been tested on the front as it didn’t completely bottom out as initially planned. This was due to clearance issues with the front wheel resting on the headstock stand in the final 40mm of the stanchion. This was deemed a negligible issue as the fork runs out of travel before the end of the stanchion anyway (so there wasn’t 40mm extra to test from) and bottoming out the front wheel is an extreme edge case that is unlikely to actually occur. 
In order to fully test the entire front travel either a different way of lifting the front end could be used (such as a cradle to lift under the engine) or the removal of the front wheel to increase available clearance. Both of these solutions would require a lot more time and work for minimal gains and as a result it was chosen to exclude the final 40mm of the stanchion. 
As outlined in the testing method as well, imprecise methods were used to take the measurements due to the required range, and this will be acknowledged and accounted for in the analysis of the measurements.
Results
The comparison between the model results and validation study was conducted by comparing the measured validation study results to those calculated by the model. The inputs for the model were the measured fork and rear shock length and the key comparison outputs were the distance between the front axle and swingarm pivot and the two axles. This indicates that the model is working correctly as it indicates that the relative height and horizontal distance of the pivot is correctly calculated, which is key as it is the reference for the model. It also covers the key distances required for the force model so the validation directly indicates that further models will be accurate and usable. Furthermore, the model relies on the assumption that the distance between the front axle and swingarm pivot is governed independently of the rear suspension, by isolating this as a measurement it validates the calculations in the front triangle. The distance between the pivot and rear axle is governed by the swingarm and as a result won’t change and wasn’t measured. The inclusion of the axle to axle distance allows validation of the rear geometry calculations and of the key wheelbase output.
This approach was preferable to other options such as measuring variables such as rake as they are highly dependent on the bikes attitude, which wasn’t rigidly controlled. The distances between fixed points with locked out suspension provided the best option for reliable, repeatable results.
[bookmark: _Ref175320718][bookmark: _Ref175320692]Table 2 - Table of the recorded measurements, anomalous set of results italicised and underlined.
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Table 2 provides an overview of all the recorded results in mm. The leftmost FrontxRear column represents the combination of spacers being used. It is worth noting that the data is ordered in descending number of spacers (first by front and then sorted by rear) and not in the order that the results were recorded. The first set of 5 spacers was the first attempted and the other values were recorded after noticing the front wheel was not entirely aligned, this was corrected for descending values of spacers, with the correction detailed in section 5.1.2.1, it however meant that these values were unreliable and are now italicised and underlined. After completion it was realised that there was extra clearance to run 6 spacers on the front so these measurements were conducted the following day, alongside the v2 measurements of 5 spacers. As a result, the measurements were taken from the 4 spacers first and 5v2 last.
When compared to the measured values for spacers 6 and the repeated 5 spacers, it is clear that the original set are anomalous. Both the axle to pivot and axle to axle measurements are much greater than the second set of measurements, more in keeping with the values from 6 spacers. This exaggeration of both points towards the wheel being turned to the right (away from the measuring side) as the front axle is the only common factor between both measurements. This confirms the need for a future methodology to positively align both wheels.
It is also worth noting that to try and mitigate any issues with the spacers, such as them not being exactly in tolerance or the rear bump stop compressing, the measurements of both suspension units were recorded. This allows more direct and accurate inputs into the model rather than relying on say a precise 10mm change with removing a rear spacer. These values then define the inputs for the geometry. There are two measurements for the front shock, it is difficult to get a truly representative measurement of the fork length whilst it is fitted in the bike. As a result, a second measurement was taken from the dust seal land to the very top of the axle on the left fork leg. This gives a more repeatable value and the delta in length will be used if it disagrees with the overall fork length delta, as can be seen going from 5 to 4 spacers for example. According to the fork length there is a 22mm difference, but the second measurement indicates 20mm and this is the delta that will be used.
The percentage error was calculated by taking the calculated value and dividing it by the measured value. As a result of this, a positive error value indicates that the model overpredicts the distance. Furthermore, given percent error is used it will exaggerate the smaller measurements of the axle to pivot as a measurement off by a millimetre or two is a greater percent of the value than it would be on the axle to axle value. As a result, it can be expected to have a lower error percentage on the axle to axle measurement. 
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[bookmark: _Ref175320259]Figure 13 - Error percentage for all of the axle to swingarm measurements
Figure 13 shows that the model generally overpredicts to a limit of around 1%, or in this case around 8mm. This error percentage also highlights the issue in the first set of 5 spacer measurements with them being substantially bigger than the model predicted, corroborating the front wheel being steered away. It is also noteworthy that if the first set of measurements (first set of 5 spacers) and the last set (5v2), when the likelihood of human experimental error stands to be greatest, the other values tend to be lower. The average error of the total testing is 0.62%, excluding the clearly anomalous first 5 measurement gives 0.6%, and excluding both attempts at 5 spacers returns 0.51%. Given this is the output with the highest risk of error, 0.62% error is promising in terms of the utility of the model.
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Figure 14 - Percentage error on the axle to axle measurement
As predicted, the error percentage is generally lower on the axle to axle measurement and again generally overestimates, with the exception of the anomalous 5 spacer measurements. This also highlights the generally more accurate values excluding the two 5 spacers measurements. Of all the data, there is an error of 0.26%, excluding the first 5 spacer attempt 0.17% and less than 0.10% excluding them both. This indicates that at its bike sag wheelbase of 1.38m, the model can be expected to be accurate within 1.32mm.
It is worth noting that throughout the range of suspension travel, the wheelbase peaks at 102.5% of the bike sag wheelbase (at full rear compression), to a minimum of 96.3% at full front suspension compression. This is used as a guide to indicate that the minimal error of around 0.10-0.17% is acceptable due to it being substantially less. 
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[bookmark: _Ref175320284]Figure 15 - Calculated values plotted against measured for the axle to pivot distance with a linear trendline
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[bookmark: _Ref175320294]Figure 16 - Calculated values plotted against measured for the axle to axle distance with a linear trendline
Figure 15 and Figure 16 serve to test the validity of the model throughout the suspension range (excluding the very front limit that could not be measured). By plotting them against each other the trendline would indicate if there was any inherent bias, such as overpredicting at the limits. In this case there is a slight trend in both measurements towards overpredicting at the very beginning of travel but to a very small extent. 
[bookmark: _Toc176706028]Application and Review
A major limiting factor of this geometry model is that it treats the bike as a 2D plot, calculating the location of points. As a result, in its current format it cannot account for any steer angle. In order to do so it would substantially increase the complexity of the model to work with and the required calculations. It was decided that this is an acceptable tradeoff as the key purpose of it is to account for suspension travel, which it does, and not the impact of steer angle on the geometry. Furthermore, in the intended racing lap scenario, there is generally a very limited amount of steer angle. Due to this, the geometrical inaccuracies resulting from the 2D plot are presumed to be minimal. Furthermore, the tyre model assumptions necessitate the axles being in line with each other so offsetting the front axle and changing its position (due to steer angle) would necessitate much more complexity in that also. 
Alongside this, it presumes that the bike is infinitely stiff and can only move around the swingarm pivot and any movement is confined to the suspension units. In reality any component will have some flex, with a fork deforming or losing some force to stiction, and the swingarm having its own spring rate and deforming under load. These are all presumed to be negligible compared to the intended deformation at the springs. 
A limitation of this method is that because everything is taken as a distance and angle around the swingarm pivot, it becomes incredibly difficult to be able to model moving the swingarm pivot, which is available to do on the RS660. A fix hasn’t been implemented in this case to facilitate that but it would be possible to convert all of the values to a cartesian graph, offset them by the desired displacement of the swingarm pivot in the X and Y axes and then recalculate relative to the new pivot. 
[bookmark: _Toc176706029]Tyre Model
[bookmark: _Toc176706030]Design
A lot of the current models use an infinitely thin disk tyre model (Biniewicz & Pyrz, 2023). This is a useful abstraction however it severely limits the utility of a model. As the bike leans over the position of the contact patch moves relative to the bike, lateral from the midline and up towards the axle. This is compounded by the fact that bikes generally run different tyre sizes front and rear. As a result, the front and rear contact patches of the bike will move in different ways as it leans over, potentially causing a yaw if the lateral displacement is different or a pitch if the vertical changes in a different manner. On top of this, the rear wheel radius needs to be accounted for in gearing, not accounting for this could really impact some key values of the powertrain model, such as available acceleration as the bike is exiting a corner.
As a result, an accurate tyre model is absolutely vital to ensure that everything works properly and accurately. From the aforementioned gearing consideration, to how far and at what pitch the geometry model is from the ground, to locate the contact patches for force calculations, it all hinges and can only work with an accurate tyre model.
A presumption used for the tyre model is that every profile is symmetrical. This is fine for a brand new tyre but with use they do tend to wear unevenly. This is a limitation but necessary as it allows a single parametric curve to be used to model the profile (as opposed to one for each side) and eliminates the need to separate the dynamics between left and right turns, it’s just a turning state. 
Fundamentally, the tyre model takes measurements of the tyre (outlined in the next section) and then curve fits these to a parametric curve of choice. It is possible to fit a balloon tyre model to it to allow comparison to other resources (Cossalter, 2006). It also allows fitting a parametric curve of any choice to best match the measured profile of the tyre, and the curve fitting helps with error tolerance in the measured data itself. The next step is to differentiate this parametric curve as this returns the tangent line at that point on the tyre. This can be set to tan of the lean angle and allow the lateral and vertical displacement of the contact patch to be calculated as a function of the lean angle.
[image: ]
[bookmark: _Ref175320334]Figure 17 - Example of parametric curve with tangent
Figure 17 shows an example of this theory, where a tangent line at 5 degrees is represented on an example tyre with a maximum radius of 0.31m and a width of 180mm and a completely circular “balloon” profile with a curve of x^2. This is purely illustrative and does not attempt to reflect any real life tyre. The tangent line is there to represent the ground as the bike leans over with the x axis representing the bikes axle and the y axis representing the midline of the bike. In this case, that 5 degree lean returns a lateral displacement of 45mm and a vertical displacement of only 2mm.
The benefit of this method is that it directly relates lean angle to the tyre radius. This allows the linear speed of the bike to be converted to rotational velocity at the axles. In the case of the rear wheel this can then be coupled with the gear ratio to give the instantaneous RPM, making that expressible as a function of speed and lean angle.
Underpinning maths
[bookmark: _Ref175405169][bookmark: _Ref175405159]Equation 2 - Example of equation dictating the tyre profile

Equation 3 - Derivative of the equation

Equation 4 - Separate line equation where the gradient is equal to tan of the lean angle

Equation 5 - Simultaneous equation for the intercept point of the two lines, or where the tyre contacts the ground

[bookmark: _Ref175405401]Equation 6 - Resulting x in terms of θ, or lateral tyre displacement in terms of lean angle

Equation 2 represents the equation used to curve fit the tyre data, in this case a second order polynomial. By differentiating that and setting it equal to a straight line of gradient tan (θ) you get the intersection point of the two lines, this allows relating the tyre profile to the ground at a given lean angle. Transposing this gives x, the tyres lateral displacement, in terms of the lean angle (Equation 6) . By then putting this x into the original equation you get the y, or vertical displacement, directly related to lean angle. 
[bookmark: _Toc176706031]Inputs
Given the variability of tyre profile for various tyre sizes (and the changing profile as an individual tyre wears) it was important to have a quick but also accurate and repeatable way of measuring the tyre profile whilst not requiring any disassembly. 
[image: A tire on a metal pipe
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[bookmark: _Ref175320193]Figure 18 - Example of the use of a vernier as a measurement reference
An effective way to measure the curvature used was to use a large vernier caliper as a reference, as shown by Figure 18. This could be locked onto the edges of the tyre and measuring from the edge of the sidewall to the main measuring bar on each side ensures that it is evenly aligned and there’s no offset (any offset can also be accounted for by measuring both sides of the tyre and averaging to get a singular symmetric profile, if not accounting for uneven wear). Furthermore, the flat measuring edge of the larger vernier allows a surface to ensure that a smaller vernier (used for the depth measurement) is square to the reference and there’s no misalignment there. Furthermore, as the reference vernier is graduated it can be used for relative measurements (ie identify the centre and then take measurements of the depth to the tyre 10mm each side). To conclude, it is an ideal way of measuring the profile of the tyre, with how it deviates from the peak radius with lateral displacement. One limitation is that it relies on instantaneous measurements, on one portion of the tyre. It is conceivable, albeit incredibly improbable, for the profile to vary.
[bookmark: _Toc176706032]Limitations
The key limitations of this model have already been outlines, namely presuming the profile is symmetrical across both halves of the tyre and absolutely consistent around the entire circumference. These are reasonable assumptions as a fresh tyre will certainly be symmetrical and any error will be small and not worth the computational requirement to account for.
Another assumption however, is that there is no deviance from the outlined relationship. The tyre radius will decrease throughout the lap as the tyre wears but this is infeasible to account for due to inconsistent wear across the breadth of the tyre and increased variable requirement for negligible change in the tyre. Under load the tyre gets compressed, which has not been accounted for yet in this tyre model and but potentially could be in further iterations. This would be complicated by the overall spring rate of the tyre being changed by tyre pressure, temperature and lean angle (and would necessitate predicting the tyre pressure and temperature continually, even if presuming static). The simplest method if this were to be utilised would be to resolve the spring rate towards the centre of the wheel and have the tyre compress laterally and vertically as function of lean angle. This however massively complicates the application of the tyre model and the force model so is being excluded for now, with the tyre being considered rigid.
[bookmark: _Toc176706033]Powertrain Model
A simplistic power model will be used in this case that presumes all of the available power at each given RPM will be utilised, limited only by traction and geometry constraints (in the form of the front wheel lifting). This is a fair assumption given the race lap context of this modelling, if it were to be applied to a more street oriented context, or if there are other considerations such as energy management, then a different approach would be required. 
The input for the available power is the engine RPM as this governs how much power is available at that point of the engine power curve, this input is calculated through the bikes linear speed and the tyre radius as outlined in the tyre model. This highlights the benefit of a tyre profile model when opposed to the disk model as the effective gearing of the bike will change with lean angle. This will be achieved by the rotational velocity of each tyre being given as outputs, from the track and tyre model. By then taking this rear rotational velocity as a fixed ratio to the crankshaft (ignoring factors such as chain slack), then the engine rpm is available throughout the entire circuit, valuable for both acceleration and deceleration. 
A notable limitation for the powertrain model is that the data used is based on just one dyno run of the bike. As a result there is no comparative validation between dynamometers to ensure all the setting are correct or how the bike behaves in other cases (such as the engine likely making more power in an environment with denser air). This could be corrected by using the ISO standardisation calculation but would add a great deal of complexity yet not solve the reliance on one run on one dynamometer. This would only be worth accounting for if there were multiple runs on multiple dynamometers to try and build an average performance picture. 
Another consideration is that due to the gearbox the power is not continuous. Clutching, or a quickshift cutting power on the upshift, will reduce the power to the wheel momentarily. From a suspension standpoint this shock of the force upon the chain and therefore wheel is notable but for simplicity is not being accounted for in the model. An assumption is being made that the power loss on the gear change is instantaneous and going straight into the higher gear. The gear change algorithm is based upon an optimal gear choice which could be counterintuitive to the real conditions (for example momentarily changing down a gear to shortly change up, when despite suboptimal the rider would’ve remained in the higher gear). This could pose issues with the model choosing first gear which the rider would tend to avoid due to the risk of a hitting neutral, this is a lesser issue in a faster racing scenario due to the greater speeds and poses to be a useful tool in maximising the gear ratios in order to maximise second gear and avoid first. The clutch highlights a slow speed issue as the minimum recorded value on the dynamometer results is at 3335 rpm, above the engine idle speed and therefore power. Below this RPM presumptions would need to be made. Extrapolating outside the data carries risks of poor accuracy but again this is a lesser issue due to the use scenario resulting in higher rpm for the resulting power. The issue can be mitigated entirely by comparing against a flying lap where this RPM range is likely to be excluded. 
The data already gathered for this bike has the power recorded in increments of 5 RPM. This is advantageous as it already provides a high degree of fidelity. However it is still discrete data measurements and interpolation will be needed to be able to use it as continuous data as the input rpm isn’t restricted and purely dependent on the relationship between speed and tyre radii. To preserve the data accuracy it would be possible to just round the rpm to the nearest 5 rpm and use that power, however this would likely make the outputs very blocky. This is much less of a concern due to the high data fidelity but if the data was less so, with increments of say 100 rpm, there would be a much greater need for some form of interpolation. Another consideration is that the recorded data is of wheel power, not the power at the crank. If the crank shaft power was to be used in this model then drivetrain losses would have to be accounted for, often in the order of 10% (Foale, 2002).
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[bookmark: _Ref175320161]Figure 19 - Demonstration of curve fitting on the Aprilia power data
One approach that has been used in the past is to curve fit a polynomial equation onto the engine power as they often follow a nice curve. In this case however the engine power has notable different stages to it. Figure 19 shows how to begin to approximate the power curve to acceptable accuracy requires a fourth order polynomial function yet still noticeably varies at around 4000, 8500 and 11000 rpm. This indicates that it would not be an effective method to interpolate the power. As a result of this, linear interpolation shall be used. This attempts to retain data accuracy by approximating the available power solely by the values around the desired. 
The benefit of taking both acceleration and deceleration as rotational power at the axles is that it makes the powertrain more flexible. It boils down the output to a form that is easily additive or subtractive (such as factoring rolling resistance around the front and rear axle independently). For example, if the rider happened to be full throttle but using the rear brake to keep the front wheel in contact, this could be accounted for and in a similar vein it makes following calculations easier. The powertrain model can output X power available, but as an upper limit. This can then be governed by the force model within the traction and geometry limits. This also allows accounting for braking on the front axle whilst the throttle isn’t entirely shut for example, or a dual wheel drive motorcycle. It minimises presumptions and allows the model to be as flexible as possible. 
[bookmark: _Toc176706034]Force Model
The force model is built upon all of the angles and distances from the geometry model. A necessary presumption is that the other values don’t change. For example if the swingarm was extended it would be heavier and marginally shift the centre of gravity of the bike slightly rearward. This complication is presumed to be negligible and the bike centre of gravity will be retained. This also relies on other presumptions, such as the rider seating position remaining the same so the reference for rider centre of gravity remains the same. If this was to change it would require remeasuring of the values and a reconfiguration of the model. 
[bookmark: _Ref176185907][bookmark: _Ref176185912][bookmark: _Toc176706035]Contact Patch
The contact patch of the bike is a key factor in the force model as it dictates how that force is acting relative to the ground. Calculating these allows calculating wheelbase, rake, swingarm angle, wheel loads (and therefore available grip) and suspension loads (and the resulting suspension compression). This is the key blending of both the geometry model and tyre model. 
[bookmark: _Ref176000505]Geometric
The first method employed uses pure geometry to calculate the positions of everything relative to the bike and use this to make a cartesian plot. It is achieved by creating a line (representing the ground) that is tangent to both of the wheels. The first rule governing this is that a line perpendicular this tangent point will intersect the origin of the circle. This, coupled with earlier construction lines, forms a pentagon underneath the bike frame, as shown in Figure 20.
[image: ]
[bookmark: _Ref175926729]Figure 20 - Demonstration of the pentagon formed under the bike
[bookmark: _Ref175756674]Equation 7 - Wheelbase derived from value E and the two wheel radii

Figure 20 shows how a pentagon can be constructed. Clockwise from the pivot the length of the edges are: Value K, Rear radius, wheelbase (Equation 7), front radius and Value D. The bottom two angles of the pentagon are both right angles (due to the origin intersection rule) and from this all the required angles can be calculated by splitting the pentagon into a triangle and trapezium along the axle to axle line (Value E). Given the square base of the trapezium this can be split into a rectangle and right angled triangle (as shown in Equation 7 and Figure 21).
[image: ]
[bookmark: _Ref175998713]Figure 21 - The right angled triangle inside the pentagon (exaggerated rear tyre radius for clarity)
This method is computationally simple as it just requires trigonometry to be applied to largely already known values, and all of the internal angles can be calculated from this. The issue however is that as it only works as long as the angle between D and K is less than 180 degrees (representing the two axles being in line with the swingarm pivot). As it approaches 180 degrees the upper most triangle gets smaller and smaller until E equals the sum of D and K. This is the limit of this method as beyond this the top of the pentagon inverts (as shown in Figure 22) and the geometric proof no longer works in the same manner. This is very much an edge case scenario as it doesn’t become an issue with the RS660 until almost twice the available rear suspension compression. It is a dangerous failure however as the calculations don’t fail, they just start giving unreliable results. Especially considering that with suspension changes (such as a lengthened swingarm increasing rear wheel travel), or being used on bikes with less initial swingarm angle, it is a feasible concern, a more robust solution was required for this simulation.
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[bookmark: _Ref175999118]Figure 22 - Example of the pentagon inverting at 4 times the available rear suspension travel
Cartesian
[image: ]
[bookmark: _Ref175319959]Figure 23 - Diagram showing RS660 geometry and tyres, and the contact line in a cartesian plot
The geometry model defines the relative locations of the two axles. When combined with the current radii from the tyre model this allows creation of a graph such as Figure 23. In particular Figure 23 highlights the RS660 geometry with the suspension fully topped out and the peak tyre radii (at zero degrees lean angle).
First a reference angle must be taken for cartesian plotting, which can be anywhere but in this case was chosen as the swingarm, with the rear axle being 0 X and the swingarm length (Value K) in the Y direction. This was chosen as it means that any angle deviation from this will represent the swingarm angle and by fixing one of the axles it simplifies the maths as you only need to calculate the location of the front axle (if the frame were to be taken as the reference then both axles would need to be calculated). 
This then allows calculating the position of the front axle in this context. This is done by summing all of the angles between the two points and inputting this into a different trigonometric function depending on whether the X or Y is desired, and then multiplying by the distance from the pivot, as shown by Table 3.
[bookmark: _Ref175319906]Table 3 - Demonstration of calculating cartesian coordinates
	
	X
	Y

	Rear Axle
	0
	

	Front Axle
	
	


From this, you have two circles, with known radii (through the tyre model), and known centres, and to calculate the contact point of the tyre it is simply a cartesian two circle tangent problem. 
[image: undefined]
[bookmark: _Ref175406884]Figure 24 - Graphical overview of the calculation variables for a two circle tangent problem (Kmhkmh, 2016).
Figure 24 highlights the values that need calculating. The tyre model gives the radii values and Table 3 gives the values for the X and Y origins. To get the tangent points (contact points) then the angles α, β, γ need to be calculated.
[bookmark: _Ref175408021][bookmark: _Ref175408015]Equation 8 - Method used to calculate the Gamma value

[bookmark: _Ref175408024]Equation 9 - Calculation of Beta

[bookmark: _Ref176000291]Equation 10 - Calculation for alpha

As shown in Figure 24, the α value calculated in Equation 10 represents the angle offset from the cartesian plane required to intersect the contact patch, representing the swingarm angle. This is equivalent to the angle between K and the Rear Radius shown in the 5.4.1.1 Geometr method but does not rely upon the geometric proof underneath the bike, resolving the issue when E equals the sum of D and K. 
Whilst this is the adopted method used, it does have a limitation shared with the former method. Due to them calculating everything around the contact patches, they could not accurately be used to model a situation with a wheel not in contact. This could be modelled if the angle of a wheely was known, as it could be used to offset the reference force axis relative to the bike. Due to the limitations in trying to calculate or measure this, it won’t be pursued and therefore both wheels are required to be in contact. Furthermore, this model relies on the assumption of the ground being tangential to both tyres, or completely flat. As a result, it is unable to deal with deviations in the ground, such as bumps or other sudden change in gradient.
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[bookmark: _Ref176001548]Figure 25 - Bike graph of full extension with full compression overlayed with transparency
This all allows the creation of cartesian bike models as shown in Figure 25. In that case it is an RS660 with the suspension topped out, overlaid by a model with both suspension units bottomed out, at 120mm and 45mm. The cartesian conversion defines a reference plane that all of the vertical and longitudinal forces act in reference to, along the y and x axes respectively. The benefit of converting this to cartesian is that it makes later moment calculations easier as it clearly defines the position of everything and is easy to make relative to any other point. 
This plot is created by calculating the rear axle location using Equation 7 to calculate the wheelbase and using that for the X value, with Y being the rear radii. From here the swingarm can be plotted using the calculated swingarm angle. This gives the location of the swingarm pivot and everything else can be plotted from around here using the angles and distances calculated in the geometry model.
[bookmark: _Toc176706036]Centre of Gravity 
The centre of gravity is a key part of the forces acting on the bike, with a more forward position loading the front wheel more and vice versa. A way to accurately measure the bikes centre of gravity throughout the suspension travel would be to block out the suspension (as conducted in the geometry validation study) and measure the centre of gravity throughout the range. In the absence of measuring this, to simplify the input parameters, it is presumed that the unsprung mass, and its movement, is negligible and the bikes centre of gravity will remain fixed relative to the bikes frame throughout travel. As a result, the wheel loading will change (due to the frame moving relative to the axles through travel) but without accounting for the according centre of gravity shift. An extension would be the aforementioned mass considerations. A longer swingarm will reduce the rear wheel loading, but to a greater extent than realistic due to not accounting to for the mass of the lengthened swingarm. This allows the model to account for geometry changes in a simplistic way as accounting for the increased mass of extra forks and swingarm would greatly complicate the model for a negligible mass difference.
Furthermore, an issue with modelling the centre of gravity of a motorcycle is that the rider of the bike makes up a large proportion of the overall weight (unlike in a car) and is free to move substantially around when riding the bike (Cossalter, 2006). This includes moving towards the apex of a corner to move the centre of gravity inwards and reduce the required bike lean angle (for simplicity, in keeping with the single plane bike model being used this won’t be accounted for in this lap simulation), but also moving fore and aft on the bike to increase force on the desired wheels. This can be accounted for in this model by use of mass shift from a reference point and would definitely be advantageous with enough data. 
The centre of gravity is the only factor that is affected by the gradient of the track, due to the changing angle of gravity. This will be accounted for by changing the direction gravity acts by the gradient of the track relative to the force axes (Cossalter, 2006). The result of this will be the mass of the bike having a rearward component to gravity (relative to the bike body) when climbing uphill for example, whilst keeping aerodynamic drag acting in the same direction as that is the direction of travel.
Input
It would be possible to use the geometry model to take the weight at the wheels and directly resolve this to the moments from the centre of gravity through a range of angles, accounting for the suspension compressing under load to try and chase a more accurate value. However, this would require a validation study beyond the reach of this paper, due to significant time requirements for minimal benefit. 
[bookmark: _Ref175762140]Table 4 - Centre of Gravity calculations and error
[image: ]
As a result, the standard method has been used as outlined by (Cossalter, 2006), presuming a constant wheelbase and using an average tyre radius. The rear wheel was lifted across a range of heights both with a rider and without. An average was taken to try and amalgamate the results, shown in Table 4. Table 4 also highlights the variability in centre of gravity, as mentioned prior. The bike values remain largely constant throughout the rear lift, with minimal error. By contrast, the results with the rider have much greater error due to the difficulty in taking measurements with the rider in the exact same position. 
[image: ]
[bookmark: _Ref175764386]Figure 26 - Measured bike centre of gravity plotted on the bike frame
This gives the position of the centre of gravity from the contact patch. This can then be applied to the initial geometry model setup to give the centre of gravity relative to the frame of the bike, as shown by Figure 26. This is then related to a theoretical distance of the centre of gravity from the swingarm pivot and the upper shock mount as these are fixed points of the frame geometry and can be used to relate the value throughout suspension travel, as shown by Table 5 and Figure 27. This also highlights how the rider moves the combined centre of gravity rearwards and upwards.
[bookmark: _Ref175826351]Table 5 - The values from the measured centre of gravity as distances in metres
	
	Distance from Pivot
	Distance from Upper Mount

	Unloaded CoG
	0.218
	0.161

	Loaded CoG
	0.351
	0.081
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[bookmark: _Ref176004065]Figure 27 - Bike model with loaded centre of gravity afixed. Full extension with transparent full compression overlaid

[bookmark: _Toc176706037]Centre of Aero Pressure
A key limitation of this approach is the lack of any wind tunnel data for the bike. This is especially prevalent due to the generally higher speed considerations of a racing scenario. However, the wind tunnel presents an idealised circumstance and one not reflective of say turbulent air coming from another bike you’re following, or a reduction in drag from drafting behind them. Alongside this, due to the rider being on top of the vehicle (unlike in a car) they have an incredible impact on the aerodynamic drag coefficient. For example, a rider presenting more of their torso in a less aerodynamic position can increase the drag by 38% (Wiński & Piechna, 2022), this would be reflective of an increased drag under braking. Due to the lack of data (and of where this acts) this won’t be considered as the wheel loading under braking would be greatly changed with little justification. 
As a result, the starting centre of aero pressure will be assumed to be in the same place as the centre of gravity of the motorcycle (despite it tending to be higher (Cossalter, 2006)) and be based on values reported in literature. Ideally at minimum a coast down test would have been conducted to at least get an idea of the drag value of the motorcycle but there was not time to test this and it is often fairly inaccurate. As a result, the literature will be used as a starting point and the drag value and of the bike, and where that acts, will serve as a variable that can be changed in the case of values being inaccurate. 
Due to the absence of measured data, the aerodynamic impact is substantially limited. There is a yawing force from the air flow (Cossalter, 2006), but this will be ignored due to lack of reliable approximations. 
By using a separate aerodynamic model (referenced to the geometry model), it is possible to start experimenting with other factors, such as active aero, with the centre of pressure, downforce and drag changing with speed or other bike conditions. This could for example be an active winglet that only activates and produces downforce (and in part therefore increased drag) when the front wheel is about to lose contact. This could be advantageous to study in regards to optimising performance, downforce when needed, reduced drag when not. 
[bookmark: _Ref176185884][bookmark: _Ref176185893][bookmark: _Toc176706038]Wheel Force
As there are a number of forces acting at various positions on the bike frame, they have to be resolved to combine them. This is achieved by taking moments around the front and rear contact patches, this method is commonly used for centre of gravity (Cossalter, 2006). 
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[bookmark: _Ref176005851]Figure 28 - Force axis acting upon the centre of gravity of the RS660 at full extension and compression of the forks
Figure 28 highlights some of the acting forces on the bike and their respective force axis at both full rebound and full compression of the front suspension. This is to highlight how the respective force axes change as the pitch of the bike relative to the ground changes. Alongside this, it highlights the aforementioned advantages of the cartesian method as everything is aligned with the graph axes and acting at a known point. In this case the vertical line represents the force from gravity whilst the horizontal represents the force from acceleration acting upon the frame.
[bookmark: _Ref176439474]Equation 11 - Resolving the lateral acceleration to effective in plane gravity.

The inputs for force balancing are all of the forces acting upon the bike frame. Such as the resultant increase in apparent weight of the bike through cornering loads (Equation 11), gravity, Newton’s second law, aerodynamic drag and driving forces, amongst others. These are then expressed as outputs as the vertical wheel force through the contact patch and force compressing the suspension, which is carried on as initial conditions to the next simulation stage and an input for the suspension force, required as the input for the geometry model on that step. Due to every force used being resolved to a longitudinal and vertical component, the sum of all of them will be zero.
Given there are two contact points, moments are taken around each of them to resolve the individual wheel forces. This is achieved by resolving the location of each force as a right angled triangle, representing the longitudinal and vertical distance from the contact patch in metres. Due to the cartesian plot being used, this can be resolved by the static forces balanced by the ratio to the wheelbase and the horizontal forces by the height divided by the wheelbase (Cossalter, 2006), despite his example solely using the centre of gravity, the same logic can be used for resolving every other force, such as aero.
[bookmark: _Ref176008912]Equation 12 - Calculation of Rear Wheel Force where W is the wheelbase, Fx/Fy the direction of the force and x and y representing the distance it acts in that axis


[bookmark: _Ref176008915]Equation 13 - Calculation of Front wheel force with the same notation

Equation 12 and Equation 13 show how they are calculated summing the forces from these moments. It is noteworthy that because the plot is based from the front contact patch, the distance has to be subtracted from the wheelbase to get the moment distance. And because the force axis works towards the rear of the bike, the load transfer values are positive toward the rear but subtracted from the front.
[bookmark: _Ref176011627]Table 6 - Acceleration geometry limit exclusively
	Suspension Configuration
	Geometry Limited Acceleration (m/s^2)
	Percentage relative to topped out

	Topped out
	7.534
	

	Full Rear Compression
	7.978
	105%

	Full Front Compression
	8.534
	113%

	Full Compression
	8.963
	119%



A test example of this being used in context can be seen in Table 6, where the movement of the centre of gravity (taken in this case in isolation) affects the geometry acceleration limit of the bike. The near 20% improvement available from a ride height device highlights the utility of being able to simulate it. This also can inform decision making, such as discussions on whether a front or rear ride height device would be of greater utility. 
Furthermore, by having point forces at a distance, it allows separating forces. For example bike centre of gravity could be separated from rider or a winglet up front separate from the averaged aerodynamic load.
Inertia Loads
Due to conservation of angular momentum the angular acceleration of components such as the crank will impart loads onto the wheels. At this point this could be added by resolving the acceleration and axis it operates around to the force supported by the wheels. In this case it is not being considered due to constraints on measuring the exact position of components such as the crank shaft. Alongside this, the moment of inertia of these components was never measured and there have been a number of issues around getting reliable moment of inertia calculations. As a result, any force from the conservation of angular momentum would be unreliable and pose validation issues. 
With reliable values however, they could be plotted onto the geometry model in the same way as the centre of gravity and centre of aerodynamic pressure, related to positions on the frame. From this, the created moment would be balanced between the two contact patches. The same could be done for the impact of accelerating the wheels, but the force would only need to be balanced against the other wheel and the two axle positions are already known. 
Another consideration is that the bike will have inertias in the pitch and roll axes, with any inputted force having to accelerate the body, to then be decelerated by the supporting forces. Due to the added complexity from this, and the limited capacity to measure, this has to be excluded and is a further limitation.
[bookmark: _Toc176706039]Suspension Force
[bookmark: _Ref176202782]Antisquat
Through load transfer to the rear of the bike, there is increased load on the rear wheel trying to compress the rear suspension on acceleration. This can be in part offset, or even exacerbated, depending on the angle of the chain as the force through the contact patch is caused by force through that chain. As a result, the angle of its acting relative to the contact patch can greatly influence the suspension loading on acceleration (Cossalter, 2006; Foale, 2002). 
As a result, it is important to know the location and radii of the sprockets, to calculate the tangent line (between the two sprockets), representing the loaded chain. The rear sprocket is located at the rear axle so that is already known, and the front sprocket is measured relative to the pivot and upper shock mount. The radii of the two can also be calculated as a function of the sprocket tooth count (needed for the powertrain model) and of the length of each chain link, in the case of a 530 chain this being 15.875mm. From this, a tangent line is created in the same manner as the contact patches using Equation 8 through to Equation 10.
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Figure 29 - Demonstration of chain alignment changing from full extension to overlaid full compression
From this, an antisquat percentage or angle can be calculated that represents what proportion of the rearward load transfer goes towards compressing the suspension. However, due to potential issues around dividing by 0 if the antisquat ever passes through 100% and there being other loads considered (such as aero) and as a result, summing the compressing moments and then subtracting the antisquat load is more feasible. 
[bookmark: _Ref176182038]Equation 14 - Calculation for Moment of the chain force where T represents chain force, R the rear sprocket Radius, K the swingarm length, phi the swingarm angle and Omega the chain angle (Cossalter, 2006)

This is achieved through Equation 14 taken from Cossalter. The chain force is a function of the powertrain torque output, multiplied by the rear sprocket radius. The swingarm angle is an output of the bike model and the chain angle relative to the reference axis can be calculated from the tangent points. It also highlights how the antisquat moment will only change with rear travel, yet the overall load transfer (and therefore antisquat effect) will change with front travel due to changing centre of gravity height and wheelbase. 
Suspension Load
Given the wheel force is known and all the positions it acts due to 5.4.4 Wheel Force and 5.4.1 Contact Patch the load upon the suspension can be modelled. This is done by taking a moment around the swingarm pivot for the rear load and resolving the front loads inline with the front fork.
Because the locations of the contact patches and the pivot are expressed in the cartesian axes, all of the distances that forces act at are already known. The lateral forces at the contact patch, such as braking and driving force act at the distance of the pivot height, and the vertical, or wheel force, calculable as the lateral distance from the pivot. This solves the need to later resolve the angles. 
The rear forces, and therefore moment, are then balanced by a force through the rear suspension, and this can be calculated as an opposing moment. As a result, the suspension force becomes a function of the longitudinal and vertical forces, scaled by the distances and angles.
[bookmark: _Ref176201056]Equation 15 - Calculation of the moment distance the rear shock acts at

The moment created by the rear suspension can be calculated as all of the measurements for the rear section are known. By calculating the extra angle between H and I (Figure 6) the angle the shock absorber intercepts the swingarm line can be calculated. By then using the sine rule as in Equation 15, the effective distance this intercepts at can be calculated. This is then balanced by the vertical and horizontal force acting on the contact patch by their respective distances, and the chain force outlined in 5.4.5.1. This highlights how the moment of the rear suspension is unaffected by the bikes angle or attitude (with the exception of angles and values changing through rear travel) and this only changes how the opposing moments act
Equation 16 - Combining of front contact patch forces

The front suspension is simpler, with the vertical and horizontal forces being resolved to be in line with the fork using the rake. This shows how the distribution of forces acting upon the fork vary substantially as the rake changes, with a lesser rake value having less compression from front braking for example. 
[bookmark: _Toc176706040]Track Model
A simplified track model is be used due to the focus being on the bike dynamics. The bike is modelled as a point mass along a ribbon track model where the track position is governed by distance along the track. However due to constraints in generating data the ribbon is modelled as a line with zero width, so there can be no deviation of the bike from the chosen line. A further limitation of this method is that, due to data constraints, the banking of the track isn’t accounted for. This has a substantial impact on the reported cornering of the bike as the bank in the track is directly additive or (as is intended) subtractive from the lean angle of the bike. This will result in the model underestimating potential corner speed.
The method used for simulating the bike on this track hinges around a quasi static simulation. The bike is taken as a static body at slices along the track distance and the results used as the inputs for the next iteration. By chaining these together it gives an approximation of a dynamic body. However this also indicates that the finer these slices of the track distance (from a higher fidelity track model) the more accurate it’ll be and the input data is very important to output utility.
[bookmark: _Toc176706041]From GPS
[bookmark: _Ref176256452]Table 7 - Values governing the line used for calculations
	Variable
	Purpose

	Latitude
	GPS input governing the  of the line taken

	Longitude
	

	Altitude
	

	Displacement
	Displacement in metres along the track line

	Corner Radius
	Instantaneous corner radius

	Gradient
	Gradient of the track from altitude change



Table 7  shows the inputs for the track model but then also how the GPS is converted into the required format for the track. Instead of specifically defining straights and corners the method used is one of constant cornering. This simplifies the production of the track and more accurately represents how a motorcycle behaves around a track.
The limitation of populating it with GPS data however is that you’re limited to the sampling frequency of the transmitter and potential inaccuracy. Because its sampling related then at higher speeds, when forces tend to be greatest, the slices taken of the data will decrease and there will be greater distance between calculations. This could potentially be mitigated with interpolation. 
From the latitude and longitude data, this is converted into the distance in both axes in metres using a flat earth approximation due to the very small size of a track when compared to the earth. This is achieved using a Mercator projection which has an element of distortion but this is minimised by the small size of a track. By then having each point along the track known, by taking 3 points at a time, these can be used to calculate the arc they sit along and therefore the radius of that section (Hakewill, 2000). A potential limitation of this method is that as the sampling frequency increases (a requirement for greater model sampling) the chance of error increases as any error on the distances becomes exaggerated.
Alternatively, the corner radius can be derived by using derivatives of the generated X and Y coordinates of the track and their relationship (Patton, 2013). Patton does however highlight the key issue in the use of GPS data with it needing extensive filtering due to inherent inaccuracy. It is advantageous and worth considering however due to it allowing the ability to simulate a track anywhere with minimal data required. 
[bookmark: _Toc176706042]Track from Data
An alternative method is to create the track model from measured bike data. Given the ease of directly measuring distance travelled, velocity, lateral acceleration and the gradient (from GPS data), this allows a track model to be built for future comparison from say the first testing run. 
[bookmark: _Ref176276630]Equation 17 - Relationship between corner radius, velocity and lateral acceleration (Cossalter, 2006; Foale, 2002)

Equation 17 highlights how the instantaneous corner radius can be calculated. This method also has the benefit of being pre validated as it is based upon what a real bike could actually do. This method however  fails to account for the influence of the track on that lateral acceleration, with a component from track banking. It would however reflect effective corner radius. This method, from the bike data, gives the track model requirements in the reflected outputs from Table 7. Furthermore, unlike the GPS method this gives a constant time step for further simulation due to the recording intervals being the logger frequency.
[bookmark: _Toc176706043]
Validation
[bookmark: _Toc176706044]Setup and Assumptions
To validate the modelling data, it is compared to measured data from the bike. Due to a number of unknowns, a number of assumptions have to be made on the riders actions. Due to the inability to account for lateral centre of gravity offset this is presumed to be fixed when cornering, but also fixed respective to the bike frame. The same applies to aerodynamic centre of pressure. Alongside this, it is presumed that the rider uses a 100% front brake bias. Therefore any deceleration force comes solely from the front contact patch. These can be attained by balancing all of the horizontal bike forces such as force on the centre of gravity and aerodynamic drag from the measured acceleration and velocity respectively.
Another necessary assumption, due to the ground model, is that the surface of the track is flat across the bike length and that the tyres remain in constant contact. A wheel hitting a bump on the track will introduce suspension load that the model won’t predict. Alongside this, if in the data a tyre loses traction and slips, measured suspension travel will reduce as the load does. This will be followed by increased load as the tyre finds grip and grabs. This will introduce further noise into the data beyond just that from the sensor and as a result smoother data (such as a smaller slip %) increases the potential accuracy of the model in comparison. The same applies for the track surface being as smooth as possible.
A further limitation is that to simplify the implementation the spring and damping rates are presumed to be constant values. This doesn’t accurately reflect the real conditions but it an acceptable approximation, with the relationship between wheel force and shock force being the key changing factor in this case. 
[bookmark: _Toc176706045]Comparison
In order to validate calculated against measured, travel throughout the front and rear suspension was chosen as a key test metric due to its ease and commonness of being measured and how it defines the inputs for the geometry model. 
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[bookmark: _Ref176633929][bookmark: _Ref176633866]Figure 30 - Validation Comparison of Ilias Fork Data (Iatrakis, 2024) 
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[bookmark: _Ref176633931][bookmark: _Ref176633868]Figure 31 - Validation of Fork prediction (Crockford, 2024)
Figure 30 and Figure 31 highlight a generally good fit between predicted fork travel and that measured, especially in the case of (Iatrakis, 2024). There are a number of potential factors for this variance between the two. Ilias’ bike had more work and measurements done with it compared to Brody’s so the starting input conditions are better aligned with his bike. For example, the general trend on Brody’s data is for the model to underpredict but then overpredict as the load transfers forward. This indicates that the position of force points is incorrect for his bike. If the centre of gravity were modelled to be more forward there would be increased load (and therefore displacement) on the front fork and if it were lower compared to the bike there would be less load transfer onto the front wheel and therefore reduced peak travel.
Furthermore, Ilias data was recorded at a higher frequency than Brody’s data. As a result this tends to remove some noise from the measured data as a spike is represented for a shorter period of time and it allows finer graduations when modelling the lap. This indicates that it is effective at modelling fork travel, although this depends substantially on the quality of the input conditions.
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[bookmark: _Ref176635174]Figure 32 - Rear Shock Validation (Iatrakis, 2024)
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[bookmark: _Ref176696971]Figure 33 - Rear shock travel Validation (Crockford, 2024)
Figure 32 and Figure 33 highlight how the rear suspension travel does not match measured values as well as it does on the front fork. One reason for this is likely the increased unsprung weight on the rear swingarm when compared to the front suspension. This model does not account for the inertia of this and a substantial element of shock force would go to accelerating, slowing the swingarm movement down. Where this is not accounted for, it is presumed to move instantly and in time of less load would be able to move more in the time before reloading, exaggerating the travel.
Alongside this, whilst the front suspension relies largely on a small number of crude measurements to measure, the rear suspension depends on a much greater number of small measurements, on a scale of around 1/3 those governing the forks. Furthermore, a lot more calculations are required from these measurements leading to a greater chance of compounding error. This is even greater exaggerated with the front wheel force simply being resolved but everything on the rear being multiplied through the link ratio before it even reaches the shock. Alongside this, these values would need frequent adjusting and correcting as even adjusting the axle to tension the chain can substantially change values K and L and  the internal angles. These weren’t known for the exact trim each bike was ran in for each lap and were necessarily an assumption. Given their importance in calculating the rear suspension moment this has a substantial impact on the validation. Furthermore, the model presumes no slack in the chain. In reality, they’re always ran with slack and on the overrun this will cause it to become loose on top, and then snap loaded on the bottom. This would completely alter the calculation required for antisquat and is not accounted for due to all deceleration force being presumed to be at the front wheel. It would however cause a shock loading and compression of the rear suspension. 
And as a result of it being the driven wheel, and slipping more safely than the front, it is exposed to much greater noise than the front wheel. Brody rides with a substantial deal of slip and this can be seen by the rear shock pumping as the tyre loses traction and regains it, causing oscillations in the value. Furthermore, Brody’s data also suffers from the weight distribution issue highlighted in the fork data, where it will tend to become more extreme at the extremes due to the load transfer. It is important to note that Brody’s rear shock data is incredibly poor for validation as the potentiometer is mounted at an angle to the shock and this isn’t corrected for. As a result, the potentiometer won’t directly reflect the value of the shock.
Whilst Ilias runs less slip than Brody, he highlights another issue with the input conditions. From rider feedback, he tends to largely brake on the front wheel, using a little of the rear brake in order to keep the rear in line. More than just the influence of the frontward load transfer, braking with the rear wheel will drag the axle backwards, stretching the bike and tending to compress the rear suspension. This could go some way to explaining spikes.
Another issue with the rear loading is that the driving force used as an input will be an underprediction of the true value. This is due to the model not accounting for the moment of inertias of drivetrain components and the force required to accelerate these would be experienced by the bike and not reflected in the model.
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[bookmark: _Ref176696566]Figure 34 - Front suspension travel related to acceleration (Iatrakis, 2024)
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[bookmark: _Ref176696568]Figure 35 - Relationship between front travel and acceleration (Crockford, 2024)
Figure 34 and Figure 35 show the relationship between the front fork travel and acceleration, an indicator of the bike diving when on the brakes. In the case of Ilias’ data the model predicts greater front travel when decelerating than the measured data. This could be down to a number of factors, such as the inputted centre of gravity being too high and increasing the suspension travel, or as a result of the brake bias assumption. As mentioned before, his use of the rear brakes when breaking hard will reduce the load on the front fork as a portion of the braking force will be on the rear wheel instead of being resolved to the front fork and therefore suspension load. In comparison the better fit on Brody’s data could indicate that the entire front wheel bias is an assumption that better relates to his riding style. 
[bookmark: _Toc176706046]Other Outputs
In this case the model has been used to try and approximate the suspension travel, which is one use in the case it isn’t logged for whatever reason. Another strength however is applying it with measured suspension travel as an input to see the bikes attitude throughout any lap. Irrespective of the reason or inputs, a number of useful outputs can be extracted from the results.
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[bookmark: _Ref176643175]Figure 36  - Relationship between load transfer ratio and lean angle (Iatrakis, 2024)
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[bookmark: _Ref176643177]Figure 37 - Relationship between load transfer ratio and lean angle (Crockford, 2024)
By applying the model, you can see the ratio between the centre of gravity and wheelbase. This ratio defines the amount of acceleration load (through newtons second law) is transferred onto the rear contact patch and is therefore key in maximising acceleration without a wheely condition. Figure 36 and Figure 37 highlight how much this value drops with lean angle. The distance between the upper and lower limits is governed by the suspension travel but this is eclipsed by the reducing tyre radius as a bike leans. This highlights the increased acceleration available to a bike when it is leaned over as opposed to fully upright without lifting the front wheel. This also allows direct comparison of bike performance irrespective of the track it ran on. Although in this case Ilias may have had limited fast left hand corners.
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[bookmark: _Ref176695234]Figure 38 - Calculated Rake throughout the lap (Iatrakis, 2024)
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[bookmark: _Ref176695236]Figure 39 - Calculated rake throughout the lap distance (Crockford, 2024)
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[bookmark: _Ref176695332]Figure 40 - Calculated Wheelbase throughout lap distance (Iatrakis, 2024)
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[bookmark: _Ref176695334]Figure 41 - Calculated Wheelbase throughout suspension travel (Crockford, 2024)
Figure 38 and Figure 39 show just how much the rake changes throughout the suspension travel, which is incredibly important to the handling dynamics of the bike. Alongside this Figure 40 and Figure 41 shows how the wheelbase changes throughout the lap, with a change of around 4%. This demonstrates a very useful ability to model the bikes actual attitude at any point of the track, and model the impact the suspension would have on that. An example would be a stiffer front spring resulting in less fork dive and therefore less reduction in rake and wheelbase on the brakes, but very little impact when accelerating.
Furthermore, the directly measured travel from lap data can be used as the iteration input. This allows direct calculation of the bike values which can allow greater interpretation of behaviours seen in the data during analysis.
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[bookmark: _Ref176697554]Figure 42 - Tyre radius throughout the lap (Iatrakis, 2024)
A number of outputs apart from the geometry governed ones are available too. Such as in Figure 42 where the effective tyre radius throughout the lap can be seen. This is very useful when it comes to choosing the final drive gear ratios as you can see the effect of tyre choice on the radius throughout the lap, and what the effective gearing at any point would be. This can aid in selecting gear shift points for example. Figure 42 highlights a limitation with the implementation of the tyre model as well however. At some points in the lap the lateral travel exceeds the actual size of the tyre (due to not accounting for banking, rider weight shift and other variables) and the tyre model is free to extrapolate outside of the measured data and return erroneous data. As a result, limits should be applied to stop this and return more reliable values.


[bookmark: _Toc176706047]Further Work
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[bookmark: _Ref176698311]Figure 43 - Calculated wheel force with velocity (Iatrakis, 2024)
To get better utility out of this tool it is important to work on higher quality input conditions. The model validated depended on a number of poor assumptions, such as the aerodynamic values and centre of pressure. Figure 43 shows that there is however no real correlation between the wheel forces and velocity, indicating that the influence of the aerodynamic drag is minor when compared to the higher forces seen from accelerating the centre of gravity. This could in part be down to the poor assumptions however, as a higher or much more substantial value for the drag or lift would have more of an impact. This needs quality measurements and further testing.
This can then be applied to build upon the current method with the inclusion of the powertrain model. This allows it to bridge the gap and become a full lap sim and better demonstrate the influence of suspension setup changes on the available grip and acceleration. An example of this would be the bike attitude on corner exit influencing the wheel load and therefore available traction to accelerate. Or the front geometry influencing the braking limit of the bike, how hard it can brake without losing traction, and the influence of brake bias on this.
By developing the model in this manner, it would allow the creation of acceleration plots depending on any number of factors, such as the spring rates or swingarm length and this would allow much better comparison of bikes and riders. This would allow optimising the bike geometry and setup for any track.
A further development would be increased data for the track model. Without accounting for the banking of the track it will always tend to underpredict the maximum cornering speed and overpredict the suspension and wheel loading. 
And finally, the inertias of components need to be accounted for to increase effectiveness of the model, as shown in the rear swingarm data. This would add significant complexity to the model but also allow it to better account for bike setup changes. An example would be the influence of reduced unsprung masses on the suspension behaviour, or how decelerating a lighter flywheel impacts corner entry when compared to a heavier one. 


[bookmark: _Toc176706048]
Conclusion 
Unfortunately, the stated aims going into this protect were not met as time constraints didn’t allow the building of a full lap simulation and it only reached the validation stage. This validation stage also highlighted some of the severe limitations of the adopted method, especially in regard to neglecting the influence of the inertias.
However, the validation of the overall geometry model was successful, and the implementation did return realistic and accurate values. This can especially be seen in regard to the generally good comparison of front fork travel. From this, a tool was created that can be used to calculate the bikes geometry throughout a lap. 
With further work and refinement this provides a solid foundation to allow for a lap simulator that accounts for the influence of suspension travel. Figure 36 highlights how important this and the tyre model are to accurately representing the bike due to the substantial changes load transfer ratio with lean angle. This sort of output can be used in its current condition to see how geometry changes would present along a track distance. This allows predicting of the real result and bike behaviour from static workshop measurements.
It also was successful in outlining the path forward to build from these foundations and be able to make a true lap simulator that could accurately reflect the influence of changing geometry, tyres and suspension setup on the bikes dynamics and lap behaviour. This needs further analysis
[bookmark: _Toc176706049]
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[bookmark: _Toc176706050]Appendix: Validation Code
clear, close all;

Line = readmatrix("Track Donnington.xlsx","NumHeaderLines",2);
Validation = readmatrix("Validation Data.xlsx","NumHeaderLines",2);

RearTyreab=readmatrix("Tyres.xlsx","Range",'F1:G1');
FrontTyreab=readmatrix("Tyres.xlsx","Range",'F2:G2');
MaxRadF=readmatrix("Tyres.xlsx","Range",'G4:G4');
MaxRadR=readmatrix("Tyres.xlsx","Range",'G5:G5');

GeoFixed=readmatrix("Geometry.xlsx","Range",'F3:F6'); %Values f,g,h,theta respectively
GeoSuspension=readmatrix("Geometry.xlsx","Range",'F9:F10'); %Values a, i. Peak travel of the front and rear suspension
GeoChange=readmatrix("Geometry.xlsx","Range",'F13:F16'); %Values b,j,k,l. Note J+L>K
GeoCOG=readmatrix("Geometry.xlsx","Range",'I7:I8');%COG Dist from pivot and upper respectively
GeoFrontSprock=readmatrix("Geometry.xlsx","Range",'I11:I12');%Front Sprocket Dist from pivot and upper respectively
GeoAero=readmatrix("Geometry.xlsx","Range",'I15:I16');%Aero Dist from pivot and upper respectively
SprocketSizes=readmatrix("Geometry.xlsx","Range",'L5:L6');%sizes of the sprockets

%Change Shit Here if you want to
%GeoChange(2)=0.3;
GeoChange(3)=0.55;
%GeoSuspension(1)=0.8;


BikeWeight=230;
AeroCoeff=0.5*1.167*0.6; %Coefficient to calculate aero drag
AeroLift=0.2; %scalar for aero lift in relation to aero drag, negative is lift
BrakeBias=1; %Percentage of braking force at the front wheel

%Suspension rates
ForkSpringRate=21000; %N/m
%ForkSpringRate=10000000000000000;
ForkDampingRate=100*0; %N/m/s
ShockSpringRate=130000; %N/m
%ShockSpringRate=10000000000000000000;
ShockDampingRate=200*0; %N/m/s

%Preload mm
FrontPreload=5;
RearPreload=7;

MaxFrontTravel=0.12; %bumpstop
MaxRearTravel=0.045; %bumpstop

%Splitting track
Distance=Line(:,1);
Corner=Line(:,2);
Gradient=Line(:,3);
Lap=max(Distance);


%Inst Distance
InstDistance=zeros(size(Distance));
InstDistance(2:end)=diff(Distance);


%Splitting Data
Velocity=Validation(:,1);
Gear=Validation(:,2);
RPM=Validation(:,3);
ValidAccel=Validation(:,6);
Lean=Validation(:,7);
Sus_Fr=Validation(:,9);
Sus_Rr=Validation(:,8);
LatAccel=Validation(:,10);

clear Line;
clear Validation,

%Interal angles for cog aero and front sprocket
Ang_COG=acos((GeoCOG(1)^2+GeoFixed(3)^2-GeoCOG(2)^2)/(2*GeoCOG(1)*GeoFixed(3)));
Ang_Aero=acos((GeoAero(1)^2+GeoFixed(3)^2-GeoAero(2)^2)/(2*GeoAero(1)*GeoFixed(3)));
Ang_FrontSprock=acos((GeoFrontSprock(1)^2+GeoFixed(3)^2-GeoFrontSprock(2)^2)/(2*GeoFrontSprock(1)*GeoFixed(3)));

%Moving average V
%Velocity=movmean(Velocity,7);

%Time=InstDistance./Velocity;

%Inst Time
InstTime=(InstDistance./Velocity);


%CalcLean=-atand(Velocity.^2./(Corner*9.81));

%tyre rad
FrontLateral=(tand(Lean)-FrontTyreab(1,2))/(2*FrontTyreab(1,1));
FrontRad=MaxRadF-(FrontTyreab(1,1)*FrontLateral.^2-FrontTyreab(1,2)*FrontLateral)/1000;
RearLateral=(tand(Lean)-RearTyreab(1,2))/(2*RearTyreab(1,1));
RearRad=MaxRadR-(RearTyreab(1,1)*RearLateral.^2-RearTyreab(1,2)*RearLateral)/1000;

%figure;
%plot(Distance,RearLateral);



%Calc for effective gravity from corner loading
%EffGravity=-(Velocity.^2./Corner)./sind(Lean);
EffGravity=-LatAccel./sind(Lean);
%eliminating some noise spikes
EffGravityIndex=EffGravity<9.81;
EffGravity(EffGravityIndex)=9.81;
EffGravity=movmean(EffGravity,15);
EffGravity(isnan(EffGravity))=9.81;

%Force Balancing

%COGHoz=Accel*BikeWeight+BikeWeight*9.81*sin(Gradient);
COGHoz=ValidAccel*BikeWeight+BikeWeight*EffGravity.*sin(Gradient);
COGVert=BikeWeight*EffGravity.*cos(Gradient);

%COGHoz=ValidAccel*BikeWeight;
%COGVert=BikeWeight*EffGravity;

%figure;
%plot(Distance,COGHoz);

AeroHoz=AeroCoeff*Velocity.^2;
AeroVert=AeroLift*AeroHoz;

SumVert=COGVert+AeroVert;
DrivingForce=COGHoz+AeroHoz+0.02*SumVert;
PositiveIndex=DrivingForce>0;
NegativeIndex=DrivingForce<0;

FrontHoz=zeros(size(Distance));
RearHoz=zeros(size(Distance));
FrontHoz(NegativeIndex)=DrivingForce(NegativeIndex);
RearHoz(PositiveIndex)=DrivingForce(PositiveIndex);
%Force Loop

FrontTravel=zeros(size(Distance));
RearTravel=zeros(size(Distance));
SwingAngle=zeros(size(Distance));
Wheelbase=zeros(size(Distance));
Rake=zeros(size(Distance));
FrontWheelForceVert=zeros(size(Distance));
RearWheelForceVert=zeros(size(Distance));
ForkForce=zeros(size(Distance));
ShockForce=zeros(size(Distance));
FrontSusVel=zeros(size(Distance));
RearSusVel=zeros(size(Distance));
COGHeight=zeros(size(Distance));
AeroHeight=zeros(size(Distance));

%TESTING
%fork=zeros(size(Distance));
%Gamma=zeros(size(Distance));

Ang_FH=acos((GeoFixed(1).^2+GeoFixed(3).^2-GeoFixed(2).^2)./(2*GeoFixed(1)*GeoFixed(3))); %fixed internal frame angle
Ang_JK=acos((GeoChange(2).^2+GeoChange(3).^2-GeoChange(4).^2)/(2*GeoChange(2)*GeoChange(3))); %fixed internal swing angle
%Test=zeros(size(Distance));

for a=1:size(Distance)
    if a<2
        fork=GeoSuspension(1)-MaxFrontTravel*0.25;
        shock=GeoSuspension(2)-MaxRearTravel*0.25;
    else
        fork=GeoSuspension(1)-FrontTravel(a-1);
        %fork=GeoSuspension(1);
        shock=GeoSuspension(2)-RearTravel(a-1);
        %shock=GeoSuspension(2);
    end
    
    if a<3
        FrontSusVel(a)=0;
        RearSusVel(a)=0;
    else
        %FrontSusVel(a)=(FrontTravel(a-1)-FrontTravel(a-2))./InstTime(a);
        FrontSusVel(a)=(FrontTravel(a-1)-FrontTravel(a-2))./0.02;
        %RearSusVel(a)=(RearTravel(a-1)-RearTravel(a-2))./InstTime(a);
        RearSusVel(a)=(RearTravel(a-1)-RearTravel(a-2))./0.02;
    end
    
    %Geometry Calculations of c d e and construction angles
    c=sqrt(fork.^2+GeoChange(1).^2);
    Ang_AC=atan(GeoChange(1)/fork);
    d=sqrt(c.^2+GeoFixed(1).^2-2.*c.*GeoFixed(1).*cos(GeoFixed(4)+Ang_AC));
    Ang_HJ=acos((GeoFixed(3).^2+GeoChange(2).^2-shock.^2)/(2.*GeoFixed(3).*GeoChange(2)));
    Ang_FD=acos((GeoFixed(1).^2+d.^2-c.^2)/(2.*GeoFixed(1).*d));
    Ang_DK=2*pi-Ang_FH-Ang_JK-Ang_HJ-Ang_FD;
    e=sqrt(d.^2+GeoChange(3).^2-2.*d.*GeoChange(3).*cos(Ang_DK));
    Wheelbase(a)=sqrt(e.^2-(RearRad(a)-FrontRad(a)).^2);

    %Rear suspension geometry, intercept and effective length
    Ang_HI=acos((GeoFixed(3)^2+shock^2-GeoChange(2)^2)/(2*GeoFixed(3)*shock));
    Ang_IK=pi-Ang_HI-Ang_JK-Ang_HJ; %angle shock intercepts swing
    EffSwing=GeoFixed(3)*(sin(Ang_HI)/sin(Ang_IK));

    %Consturction orgins for calculating swing angle
    GammaOrigins(1,1)=0; %Rear X
    GammaOrigins(1,2)=GeoChange(3); %Rear Y
    GammaOrigins(2,1)=d.*sin(Ang_FD+Ang_FH+Ang_HJ+Ang_JK); %Front X
    GammaOrigins(2,2)=d.*cos(Ang_FD+Ang_FH+Ang_HJ+Ang_JK); %Front Y

    Gamma=0.5*pi-atan((GammaOrigins(2,2)-GammaOrigins(1,2))/(GammaOrigins(2,1)-GammaOrigins(1,1)));
    Beta=asin((FrontRad(a)-RearRad(a))/sqrt((GammaOrigins(2,2)-GammaOrigins(1,2)).^2+(GammaOrigins(2,1)-GammaOrigins(1,1))^2));
    Alpha=(-Gamma-Beta);
    SwingAngle(a)=-Alpha;

    %Key points plot
    KeyPointsPlot(1,1)=0;%Front Contact X
    KeyPointsPlot(1,2)=0; %Front Contact Y
    KeyPointsPlot(2,1)=0; %Front Axle X
    KeyPointsPlot(2,2)=FrontRad(a); %Front Axle Y
    KeyPointsPlot(3,1)=Wheelbase(a); %Rear contact X
    KeyPointsPlot(3,2)=0; %Rear Contact Y
    KeyPointsPlot(4,1)=Wheelbase(a); %Rear Axle X
    KeyPointsPlot(4,2)=RearRad(a); %Rear Axle Y
    KeyPointsPlot(5,1)=KeyPointsPlot(4,1)-GeoChange(3)*cos(-Alpha); %pivot X
    KeyPointsPlot(5,2)=KeyPointsPlot(4,2)+GeoChange(3)*sin(-Alpha); %pivot Y
    KeyPointsPlot(6,1)=GeoFixed(1)*cos(Ang_FH+Ang_JK+Ang_HJ+Alpha)+KeyPointsPlot(5,1); %Frame Stem X
    KeyPointsPlot(6,2)=GeoFixed(1)*sin(Ang_FH+Ang_JK+Ang_HJ+Alpha)+KeyPointsPlot(5,2); %Frame Stem Y
    KeyPointsPlot(7,1)=GeoCOG(1)*cos(Ang_COG+Ang_JK+Ang_HJ+Alpha)+KeyPointsPlot(5,1); %Cog X
    KeyPointsPlot(7,2)=GeoCOG(1)*sin(Ang_COG+Ang_JK+Ang_HJ+Alpha)+KeyPointsPlot(5,2); %Cog Y
    KeyPointsPlot(8,1)=GeoAero(1)*cos(Ang_Aero+Ang_JK+Ang_HJ+Alpha)+KeyPointsPlot(5,1); %aero X
    KeyPointsPlot(8,2)=GeoAero(1)*sin(Ang_Aero+Ang_JK+Ang_HJ+Alpha)+KeyPointsPlot(5,2); %Aero Y
    KeyPointsPlot(9,1)=GeoFrontSprock(1)*cos(Ang_FrontSprock+Ang_JK+Ang_HJ+Alpha)+KeyPointsPlot(5,1); %front sprocket X
    KeyPointsPlot(9,2)=GeoFrontSprock(1)*sin(Ang_FrontSprock+Ang_JK+Ang_HJ+Alpha)+KeyPointsPlot(5,2); %rear sprocket Y

    COGHeight(a)=KeyPointsPlot(7,2);
    AeroHeight(a)=KeyPointsPlot(8,2);
    Rake(a)=atan((KeyPointsPlot(6,1)-KeyPointsPlot(2,1))/(KeyPointsPlot(6,2)-KeyPointsPlot(2,2)))-Ang_AC;

    %Rear Wheel Vertical Force
    RearWheelForceCOG=(COGVert(a)*KeyPointsPlot(7,1)/KeyPointsPlot(3,1)+COGHoz(a)*KeyPointsPlot(7,2)/KeyPointsPlot(3,1));
    RearWheelForceAero=(AeroVert(a)*KeyPointsPlot(8,1)/KeyPointsPlot(3,1)+AeroHoz(a)*KeyPointsPlot(8,2)/KeyPointsPlot(3,1));
    RearWheelForceVert(a)=RearWheelForceCOG+RearWheelForceAero;

    %Chain Angle
    ChainGamma=-atan((KeyPointsPlot(9,2)-KeyPointsPlot(4,2))/(KeyPointsPlot(9,1)-KeyPointsPlot(4,1)));
    ChainBeta=-asin((SprocketSizes(1)-SprocketSizes(2))/sqrt((KeyPointsPlot(9,2)-KeyPointsPlot(4,2))^2+(KeyPointsPlot(9,1)-KeyPointsPlot(4,1))^2));
    ChainAlpha=ChainGamma-ChainBeta;

    KeyPointsPlot(10,1)=SprocketSizes(1)*sin(ChainAlpha)+KeyPointsPlot(9,1); %Chain front contact X
    KeyPointsPlot(10,2)=SprocketSizes(1)*cos(ChainAlpha)+KeyPointsPlot(9,2); %Chain front contact Y
    KeyPointsPlot(11,1)=SprocketSizes(2)*sin(ChainAlpha)+KeyPointsPlot(4,1); %Chain Rear contact X
    KeyPointsPlot(11,2)=SprocketSizes(2)*cos(ChainAlpha)+KeyPointsPlot(4,2); %Chain Rear contact Y

    ChainAngle=-tan((KeyPointsPlot(11,2)-KeyPointsPlot(10,2))/(KeyPointsPlot(11,1)-KeyPointsPlot(10,1)));
    
    %Rear Moments
    RearVertMoment=RearWheelForceVert(a)*(KeyPointsPlot(3,1)-KeyPointsPlot(5,1));
    RearDrivingMoment=(-DrivingForce(a)-FrontHoz(a)*(1-BrakeBias))*(KeyPointsPlot(3,2)-KeyPointsPlot(5,2));
    ChainForce=DrivingForce(a)*(RearRad(a)/SprocketSizes(2));
    ChainMoment=ChainForce*(SprocketSizes(2)-GeoChange(3)*sin(-Alpha-ChainAngle));
    RearSumMoment=RearVertMoment+RearDrivingMoment+ChainMoment;

    %rear travel
    ShockForce(a)=RearSumMoment/(EffSwing*cos(Ang_IK));
    %RearTravel(a)=ShockForce(a)/ShockSpringRate;
    RearTravel(a)=(ShockForce(a)-RearSusVel(a)*ShockDampingRate-(RearPreload*ShockSpringRate/1000))/ShockSpringRate;
    if RearTravel(a)>MaxRearTravel
        RearTravel(a)=MaxRearTravel;
    end
    if RearTravel(a)<0
        RearTravel(a)=0;
    end
    

    %Front WHeel Force
    FrontWheelForceCOG=(COGVert(a)*(KeyPointsPlot(3,1)-KeyPointsPlot(7,1))/KeyPointsPlot(3,1)-COGHoz(a)*KeyPointsPlot(7,2)/KeyPointsPlot(3,1));
    FrontWheelForceAero=(AeroVert(a)*(KeyPointsPlot(3,1)-KeyPointsPlot(8,1))/KeyPointsPlot(3,1)-AeroHoz(a)*KeyPointsPlot(8,2)/KeyPointsPlot(3,1));
    FrontWheelForceVert(a)=FrontWheelForceCOG+FrontWheelForceAero;
    %Front fork force
    ForkForce(a)=FrontWheelForceVert(a)*cos(Rake(a))+((-FrontHoz(a)*BrakeBias+0.02*FrontWheelForceVert(a))*sin(Rake(a)));
    %Front Travel
    FrontTravel(a)=(ForkForce(a)-FrontSusVel(a)*ForkDampingRate-(FrontPreload*ForkSpringRate/1000))/ForkSpringRate;
    %FrontTravel(a)=(ForkForce(a))/ForkSpringRate;
    if FrontTravel(a)>MaxFrontTravel
        FrontTravel(a)=MaxFrontTravel;
    end
    if FrontTravel(a)<0
        FrontTravel(a)=0;
    end

    %Test(a)=a;
end


SwingAngle=rad2deg(SwingAngle);


figure;
plot(Distance,SwingAngle);
title('Swingarm Angle');
xlabel('Lap Distance (m)');
ylabel('Angle from ground (degrees)');
[image: A graph of a graph

Description automatically generated]

figure;
plot(Distance,FrontRad,Distance,RearRad);
legend('Front Radius','Rear Radius','Location','southeast');
title('Front and Rear Tyre Radii throughout the lap');
xlabel('Lap Distance (m)');
ylabel('Tyre Radius (m)');
[image: A graph of a graph showing a line of a car

Description automatically generated with medium confidence]

figure;
plot(Lean,FrontRad,Lean,RearRad);
legend('Front Radius','Rear Radius','Location','south');
title('Front and Rear Tyre Radii through lean angle');
xlabel('Bike Lean Angle');
ylabel('Tyre Radius (m)');
[image: A graph of a curve

Description automatically generated]

figure;
%plot(Distance,RearWheelForceVert,Distance,FrontWheelForceVert,Distance,SumVert);
plot(Distance,RearWheelForceVert,Distance,FrontWheelForceVert);
legend('Rear Wheel Force','Front Wheel Force','Location','southoutside');
title('Wheel Vertical Force');
xlabel('Lap Distance (m)');
ylabel('Force (N)');
[image: A graph of a wheel

Description automatically generated]

figure;
plot(Distance,ForkForce);
title('Fork Force');
xlabel('Lap Distance (m)');
ylabel('Force (N)');
[image: A graph of a graph

Description automatically generated]


figure;
plot(Distance,ShockForce);
title('Shock Force');
xlabel('Lap Distance (m)');
ylabel('Force (N)');
[image: A graph of a graph

Description automatically generated]

figure;
plot(Distance,FrontTravel);
title('Fork Travel');
xlabel('Lap Distance (m)');
ylabel('Travel (mm)');
[image: A graph of a travel

Description automatically generated]

figure;
plot(Distance,RearTravel);
title('Shock Travel');
xlabel('Lap Distance (m)');
ylabel('Travel (mm)');
[image: A graph of a travel

Description automatically generated]

figure;
plot(Distance,FrontTravel,Distance,RearTravel);
legend('Front Fork','Rear Shock','Location','northwest');
title('Calculated Suspension Travel');
xlabel('Lap Distance (m)');
ylabel('Travel (mm)');
[image: A graph of a graph of a car

Description automatically generated with medium confidence]

figure;
plot(Distance,COGHeight);
title('Global Centre of Gravity Height');
xlabel('Lap Distance (m)');
ylabel('Height (m)');
[image: A graph of blue lines

Description automatically generated]

figure;
plot(Lean,COGHeight);
title('Global Centre of Gravity Height');
xlabel('Lean Angle (degrees)');
ylabel('Height (m)');
[image: A graph of a diagram

Description automatically generated]

figure;
plot(Lean,rad2deg(Rake));
title('Rake With Lean Angle');
xlabel('Lean Angle (degrees)');
ylabel('Rake (degrees)');
[image: A graph of a diagram

Description automatically generated with medium confidence]

figure;
plot(Lean,RearTravel*1000);
title('Rear Travel with lean angle');
xlabel('Lean Angle (degrees)');
ylabel('Travel (mm)');
[image: A graph of a travel with lean angle

Description automatically generated]

figure;
%plot(Distance,movmean(Sus_Fr,15),Distance,FrontTravel*1000,Distance,movmean(Sus_Fr,15)-FrontTravel*1000);
plot(Distance,movmean(Sus_Fr,15),Distance,FrontTravel*1000);
legend ('Measured','Calculated','Location','northwest')
title('Fork Travel Comparison')
xlabel('Lap Distance (m)')
ylabel('Fork Travel (mm)')
[image: A graph of a travel comparison

Description automatically generated]

figure;
plot(ValidAccel,RearTravel*1000-Sus_Rr);
title('Rear Travel Error with Acceleration');
xlabel('Accel (m/s)');
ylabel('Travel Error (mm)');
[image: A graph of blue lines

Description automatically generated]

figure;
%plot(Distance,movmean(Sus_Rr,15),Distance,RearTravel*1000,Distance,movmean(Sus_Rr,15)-RearTravel*1000);
plot(Distance,movmean(Sus_Rr,15),Distance,RearTravel*1000);
legend ('Measured','Calculated','Location','northwest')
title('Shock Travel Comparison')
xlabel('Lap Distance (m)')
ylabel('Shock Travel (mm)')
[image: A graph of a graph of a travel comparison

Description automatically generated with medium confidence]

Test=mean(Sus_Rr-RearTravel*1000);

figure;
plot(Distance,rad2deg(Rake));
title('Bike Rake throughout Lap Distance');
xlabel('Lap Distance (m)');
ylabel('Rake (degrees)');
[image: A graph of a bike race

Description automatically generated]

figure;
plot(Distance,Wheelbase);
title('Bike Wheelbase throughout Lap Distance');
xlabel('Lap Distance (m)');
ylabel('Wheelbase (m)');
[image: A graph of a bike wheel

Description automatically generated]

figure;
plot(Distance,COGHeight./Wheelbase);
title('COG Load Transfer Ratio throughout Lap Distance');
xlabel('Lap Distance (m)');
ylabel('h/p');
[image: A graph of a load

Description automatically generated]

figure;
plot(Lean,COGHeight./Wheelbase);
title('COG Load Transfer Ratio throughout Lean Angle');
xlabel('Lean Angle (degrees)');
ylabel('h/p');
[image: A diagram of a diagram

Description automatically generated]

%figure;
%plot(Distance,Lean);

%figure;
%plot(Distance,ValidAccel);

%figure;
%plot(Distance,Velocity);

%figure;
%%plot(Distance,Sus_Fr,Distance,Sus_Rr);

%figure;
%%plot(Distance,DrivingForce);

%figure;
%plot(Distance,FrontHoz);

%figure;
%plot(Distance,RearHoz);

figure;
plot(Distance,EffGravity);
title('Effective Gravity through the lap');
xlabel('Lap Distance (m)');
ylabel('Acceleration (m/s^2');
[image: A graph of a graph

Description automatically generated]
    
figure;
plot(ValidAccel,FrontTravel*1000,ValidAccel,RearTravel*1000);
legend('Front Travel','Rear Travel','Location','northeast');
title('Relationship between suspension travel and acceleration');
ylabel('Suspension Travel (mm)');
xlabel('Acceleration (m/s^2');
[image: A graph of a graph of a plane

Description automatically generated with medium confidence]


figure;
plot(ValidAccel,FrontTravel*1000,ValidAccel,Sus_Fr);
legend('Calculated','Measured','Location','northeast');
title('Relationship between Front suspension travel and acceleration');
ylabel('Suspension Travel (mm)');
xlabel('Acceleration (m/s^2');
[image: A graph of a graph showing a line graph

Description automatically generated with medium confidence]


figure;
plot(Velocity,FrontTravel*1000,Velocity,Sus_Fr);
[image: A graph of a graph

Description automatically generated with medium confidence]

figure;
plot(ValidAccel,RearTravel*1000,ValidAccel,Sus_Rr);
legend('Calculated','Measured','Location','northeast');
title('Relationship between Rear suspension travel and acceleration');
ylabel('Suspension Travel (mm)');
xlabel('Acceleration (m/s^2');
[image: A graph of a graph of a graph

Description automatically generated with medium confidence]


figure;
plot(Velocity,RearTravel*1000,Velocity,Sus_Rr);
[image: A graph of blue and red lines

Description automatically generated]

figure;
plot(ValidAccel,FrontWheelForceVert,ValidAccel,RearWheelForceVert);
legend('Front Wheel Force','Rear Wheel Force','Location','east');
title('Relationship between acceleration and wheel load');
ylabel('Force (N)');
xlabel('Acceleration (m/s^2');
[image: A diagram of a wheel load

Description automatically generated]


figure;
plot(Velocity,FrontWheelForceVert,Velocity,RearWheelForceVert);
legend('Front Wheel Force','Rear Wheel Force','Location','east');
title('Relationship between Velocity and wheel load');
ylabel('Force (N)');
xlabel('Velocity (m/s)');
[image: A graph of a wheel load

Description automatically generated]

figure;
plot(ShockForce,RearWheelForceVert);
title('Relationship between shock force and wheel load');
ylabel('Rear Wheel Force (N)');
xlabel('Shock Force (N)');
[image: A graph of shock force

Description automatically generated]






LapTime=sum(InstDistance./Velocity);
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Figure 4 — Influence of CoM position.
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