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[bookmark: _Toc164004144]Introduction
[bookmark: _Toc164004145]Aims
The aim of this paper is to establish the usefulness of Vi-Grade as a tool to compare and contrast bike setup changes.
[bookmark: _Toc164004146]Objectives
This will be achieved by taking a number of measurements of an Aprilia RS660, such as Centre of Gravity, Moment of Inertias and spring rates. These will be used to build a bike model inside Vi-Grade and ran along the Castle Combe race track. This will be compared to, and validated against, real world data from the track obtained by Brody Crockford riding an RS660. 

[bookmark: _Toc164004147]Bike Measurements
General
Basic geometry information was required for Vi-Grade such as the rake and fork length. These were all measured independently and compared for validation. Alongside this, the bike was weighed with a range of lifts at the rear to measure the centre of gravity and see if there was any noticeable change with changing height to try and find an optimal window. More testing will be required in the future as there weren’t enough data points yet substantial ranges could be seen.
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Figure 1 - Unloaded bike with changing COG vertical location with increasing lift height. Including Error
[image: ]
Figure 2 - Loaded bike with changing lift. Including Error
One key takeaway shown by figure 1 and 2 is that the vertical position of the COG remained largely consistent through increasing lift height when the bike was unloaded but had a lot more error, nearing 8%, when the bike was loaded. This indicates that the issue was less with the manner of measuring COG and more down to the inconsistency of the riders’ position. This poses a more pressing issue due to the mobile nature of the rider trying to model with a fixed COG is fairly futile as the rider will move and adjust constantly and their mass makes up a substantial portion of the overall weight. It definitely requires further study and experimentation to ascertain the influence realistic by the riders’ moving. 
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Figure 3 - Example of the relaionship between key points on the RS660 at full droop
Another consideration for the model is the location of all of the points on the frame, such as the head stock and suspension mounting points, which can be used to calculate the link rate. These were recorded using a polar method to maximise accuracy and were modelled in relation to each other.
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Figure 4 - RS660 rear link ratio through travel
From this, the link ratio can be calculated. The RS660 has a largely linear link ratio that decreases slightly with rear travel.
[bookmark: _Toc164004149]Moment of Inertia
A key factor to explore with bike dynamics is the influence of the moment of inertia (MOI) of the wheels. This is due to it having an influence across the entire spectrum, longitudinal acceleration, bike roll characteristics and steering inputs. As a result, when trying to model the dynamic performance of the bike, especially when comparing bike changes irrespective of the rider, it is a key driving factor. 
Furthermore, there are a range of methods available to measure the moment of inertia of a wheel and three of these were compared with an aim of identifying the most accurate method. The three being: the use of a wheel balancer with a weight attached to the wheel to introduce a fixed amount of force, the time taken for the weight to fall a set distance can be used to calculate the MOI; another method was to roll the wheel on a spindle down a ramp and timing that, with the same logic of fixed introduced force and time being used to calculate MOI; and finally a trifilar pendulum was used due to it being a fairly standard method for measuring MOI (Previati, 2020), where the decaying oscillations from a given angle input can be used to calculate the value. 
After conducting these tests an analysis was performed to calculate the confidence interval of the results:
Table 1 - The mean values of each configuration in each testing method
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Table 2 - Comparison of standard deviation across each configuration and testing method
[image: ]
Table 1 and 2 show an amalgamation of the testing results condensed to configuration and manner of testing. It can be seen how there is no one consistent MOI for each configuration emerging. Given the adoption of the Trifilar pendulum as the apparent standard, it can be presumed to be the most accurate. This is corroborated by the fact that generally the balancer method returns broadly similar values, certainly when compared to the wildly different values returned by the ramp method. It was found that the ramp method of testing was particularly susceptible to the input measurements, with for example a tiny change in the measured spindle diameter having a massive impact on the resulting values. This has the potential to introduce system offset errors. It did however prove to be very consistent when measuring the configurations with much lower MOIs, this is likely due to the fact that when testing we found those configurations to roll a lot slower down the ramp which reduces the influence of reaction time as a proportion of the total test. This indicates that if the timing were to be automated, it lends itself as a very consistent method, albeit with the dependence on accurate input conditions. A system offset could explain the differing values returned by the ramp method when compared to the other two as the mean values generally are lower than the other two methods, with the exception of the rear wheel with the tyre fitted (which coincidentally saw the greatest standard deviation observed across the entire set of measurements). This points to some setup error causing a general underestimation throughout.
By contrast, Table 1 shows the mean values from the balancer method being comparably consistent with those reported by the trifilar pendulum. Table 2 however shows a comparably significant amount of standard deviation when compared to the other methods, especially on the higher MOI items. This suggests a consistent experimental issue, such as the manual timing. This could be avoided with something akin to a light trap to reduce the human error and as a result more consistent results may be attainable. 
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Figure 5 - Normal distribution of the results on the front wheel with tyre, including a combination of every measurement of the front wheel.
The aforementioned spread of values can be better seen by fig.1 with normal distributions for each value and an overall combined. How the Balancer returns the greatest range of values whereas the pendulum is incredibly consistent. One noteworthy issue however is that the data taken does not generally fit a quartile plot especially linearly (with the exception of the balancer data), which indicates that the data recorded does not fit a normal distribution especially well. It is also noteworthy that the combined results weren’t weighted to compensate for the fact that there were more balancer measurements and therefore the overall will be biased towards that. 
Table 3 - Comparison of values with tolerance bands at 95% confidence
[image: ]
Table 3 shows an overall picture of the testing with 95% tolerance bands included. It shows that there is very little overlap in the range of values, showing it is unlikely that the true value is contained within.
For the purpose of Vi-Grade inputs, the mean value from each testing method will be used. The MOIs will be set front and rear for the balancer, the ramp and the pendulum. 
[bookmark: _Toc164004150]Suspension
The RS660 has separated rebound and compression, one in each leg. As a result, both were removed and had the springs taken out to allow measuring of just the damper influence. These were measured throughout the range of suspension settings available to get a broad picture of what they can do and to allow options when configuring the model. These values were then exported from the dyno6 measuring software 
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Figure 6 - Example of the rebound fork leg with an example trend line
By fitting a trend line, it gives a single usable force value for fork velocity, as figure 6 shows the raw data has an overlap with two force values at any point, which isn’t usable in Vi-Grade. 
[bookmark: _Toc164004151]Tyres
Part of the measuring also ended up with considering the influence of tyres, with their spring rate and contact patch through a range of pressures. This was only available to test thanks to a rig made by my classmate Ilias. This allowed fitting the wheels and tyres into the spring testing rig and on the damper dyno.
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Figure 7 - Force against displacement for a 2.6 bar cold front tyre
Figure 7 shows an example of the spring rate from this testing with the trend line compensating for the two measurements. Alongside this the contact patch was also measured with force to see how the contact patch pressure compares. 
Absences
A key limitation to the validity and comparability of this testing was that we never conducted a coast down or run down test of the RS660. The coastdown testing is particularly important as it can be used to calculate the CDA and rolling resistance of the bike, and therefore how much power the simulated bike would lose to drag. As a result, the default VI-Grade drag coefficient of 0.41 was used with a measured surface area of 274175 mm^2. Alongside this, a default overall rolling resistance coefficient of 0.02 (evenly distributed across both wheels) was used. Despite not being ideal, the VI-Grade model only accounts for the aerodynamic influence in the longitudinal direction(VI-Grade, 2020), ie drag power, and this simplification excludes the influence of external factors such as wind speed and direction and other bike effects such as the influences cornering. As a result, the lack shouldn’t be catastrophic.
Furthermore, no run down test on the dyno was conducted to ascertain how much engine braking is created through the RPM. To correct for this a presumption of 10% of the engine power was used for engine braking potential. Given how the rear brake is substantial enough to lock the rear wheel, this lack will have a negligible impact on the overall simulation. 
Alongside this, there was no access to any engine internal parts for the measuring of their MOI, and as outlined prior there are substantial issues in accurate measuring of them anyway. As a result, the Vi-Grade defaults are used. 
Ideally, all of these and more would have been measured but the risk they pose to the simulation have been minimised. There are some values that would’ve ideally be factored in, such as the pitch and roll inertias of the bike itself, but these were unfeasible to measure.

[bookmark: _Toc164004152]VI-Grade
Bike Setup
The measurements taken from the bike need to be used to build a bike model inside of VI-Grade. A direct shock model was adopted as the foundation as that represents the suspension configuration used on the Aprilia. A default model was imported and then values changed to reflect the RS660 measurements, this is in order to not cause issues with things we were unable to measure, such as the MOI of the crankshaft. It is also noteworthy that despite having taken measurements these weren’t used and instead the defaults for the correct tyre size were used.
The model was also kept on the simplistic side, for example not going into depth on factors such as the weight distribution of individual aspects, such as the ability to specify the fuel weight and centre of gravity in Vi-Grade. This would’ve allowed more usability and tailoring of the simulation with varying fuel load for example. This however would’ve been a lot more work for minimal reward and any changes would have likely been lost in other inaccuracies of the setup.
One key and notable limitation however, the model has the influence of the riders torso available but this isn’t used due to difficulties in how it would be measured. As a result, the sim rider can’t lean in toward the centre of a corner and this limits the maximum cornering speed in the simulation. 
Track Setup
[image: A aerial view of a race track

Description automatically generated]
Figure 8 - Route from the Castle Combe data imposed onto a satellite image
To allow the best comparison to the data, the line taken by Brody in his fastest lap was taken from the recorded 2D data and used as the input for the path. There were some significant differences however as the track width wasn’t accurately inputted, using just a 5m offset each side of the recorded data. Furthermore there was a misalignment issue where the recorded GPS altitude at the beginning and the end of the lap were very slightly different and as a result, this had to be corrected and the VI-Grade path altitude smoothed. As a result, it is likely that some fidelity on the altitude was lost. Although not ideal, the track is already pretty flat so there is little definition to lose. Another significant limitation however is that no banking in the track was implemented. This is due to the use of a singular line being used to setup the track so having no reference for the angle of the track. This will also act alongside the lack of rider positioning to limit the max corner speed. 
[bookmark: _Toc164004154]SpeedGen
The purpose of the SpeedGen simulation is to see the optimum laptime the bike can achieve. The initial conditions of the simulation are configured to match the start conditions of a given lap from the data, in this case 44 m/s in fourth gear. Initially it was tested with a performance factor of 1 across longitudinal acceleration, longitudinal deceleration and lateral acceleration. During a static simulation on SpeedGen, all 3 MOI options returned an identical optimal laptime of 86.3 seconds. Increasing the performance factors to 1.2 showed a reduced lap time, with all three tests dropping to 79.6 seconds. It is important to note however that the static simulation is substantially simplified with the rider staying static on the bike and rigid suspension (VI-Grade, 2020). 
 When a dynamic SpeedGen simulation is used however, it was found however that the rider would suddenly attempt to pull 15 and then 20 degrees of steer angle resulting in a crash, as shown by fig 3.
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Figure 9 - SpeedGen run with 1 performance factor for all variables
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Figure 10 - SpeedGen with 0.8 performance factor
It was found that by reducing every performance factor to 0.8 the simulation was able to complete with a much more reasonable amount of requested steer angle shown, peaking around 9 degrees when using the MOI values from the balancer test. As soon as any of the three variables were increased above this threshold the simulation failed due to the rider crashing. 
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Figure 11 - SpeedGen when using the MOI values from the pendulum tests
When keeping all of the performance factors the same and only changing the wheel MOIs to those from the pendulum measurements the resulting lap time was identical at 96.54 seconds however the requested steer angle remained much smaller and more consistent than with the MOI from the balancer test. This shows that although there was negligible change in the laptime it does change the way in which the bike is modelled and the resulting data.
[bookmark: _Toc164004155]MaxPerf
The MaxPerf simulation is used to determine the limit of what the bike can actually do. It achieves this by using the same simulation as the SpeedGen but scaling the performance factors up and down through iterations of the simulation as the bike crashes or fails to reach the edge of its performance envelope. 
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Figure 12 - Performance factors used in MaxPerf.
It achieves this by identifying the point where a simulation fails and scaling the performance for that segment down until it completes, as shown by figure 12. The data used in the calculations can be exported as a CSV file that allows the analysis and comparison. 


[bookmark: _Toc164004156]Analysis and comparison to Castle Combe data
The MOI changes resulted in no discernible differences in the MaxPerf simulation, with not only the lap times but every recorded value being identical between different MOI values. It was expected that as seen in figure 9 and 10 that there would’ve been a difference in steer angle and potentially  input steer torque but they were also identical. The same can be seen in the SpeedGen data however in this instance there are very minor differences in the results between MOI configurations but an orders of magnitude away from significance, in the E-9 to E-13 territory. 
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Figure 13 - Gear Choice throughout the lap
A key difference between the simulated and the real world is the willingness of the sim rider to use first gear whereas with the same gearing Brody avoids using it for the risk of false neutrals. He also uses higher gears for a greater proportion of the lap than the simulations, with them never reaching 6th gear. This could be a system offset error in the configuration of the model, such as the rolling radius being incorrect. The observed choices could be explained by the rear radius being too large.
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Figure 14 - Lean Angle throughout the lap
There is pretty good consistency between the simulated lean angle and those reported by the data. The increased peak lean angle from the 2D data could be explained by the track being banked so even with no lean angle relative to the track, in the global plane the bike would be leaned over a few degrees. Figure 14 also highlights one issue where the SpeedGen data appears to drift away from the 2D data and its MaxPerf peer.
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Figure 15 - Front Suspension Travel
Front Suspension Travel has less utility for modelling with generally the peaks matching but there being a lot more spikes in the data than compared to the recorded 2D data. This could potentially be explained by the sim riders tendency to aggressively jab at the brakes even on a straight. This might be reflective of the approximate values used for engine braking, with the rider going for the front brake as opposed to letting off the throttle if the approximate value was too low. It does however show that a problem faced earlier in testing has been solved, where there was no limit to the shock travel. The hard limit of the MaxPerf trace at approximately 2600 metres shows that the method used to limit the travel was effective. It does however also show how the utility of the simulation is limited as from the sim it seems that with the current configuration it would indicate the bike would regularly bottom out however that hasn’t been reported to be the case.
[image: ]
Figure 16 - RPM across the lap
Figure 16 also  seems to show an aspect of drift seen before. It does show that the powerband input power appears to be accurate as the sim rider is broadly working the same RPM range seen by the 2D data. It is however a lot more harsh and jerky, again reflecting the harsh style. A lot of the spikes are likely from abrupt gear changes when a real rider would hold the gear longer, as seen just before 1000m.
[image: ]
Figure 17 - Bike velocity through track distance
Figure 17 shows that the 2D data maintains higher speeds than the sim rider, particularly through the corners. This is likely mostly the result of the body positioning and track banking highlighted in the limitations of the model. The real data also has the bike attaining a higher speed on the straights, potentially reflecting an overestimation of the CDA. The data appears to indicate the real rider braking earlier than the sim rider however, particularly towards the last few corners, this could be the data drifting away from each other again. Another point to highlight is the smoothness commented on in figures 15 and 16. The sim suddenly drops speed whilst on a straight for no apparent reason, likely jabbing at the brakes. 
This also points to a potential issue with the gearing in the model due to the noticeably lower speed yet the rpm remaining comparable. This could again be down to the tyre model.
[image: ]
Figure 18 - Slip percentage around the track
It can be seen that with the exception of wheelies Brody runs a much more conservative amount of slip than either simulation. The MaxPerf peaks at just over 40% greater rear wheel speed than front at around 1200 metres. The key separation is also the abruptness of the inputs on the sim bike. Suddenly hitting high amounts of slip and suddenly going to nothing. By contrast the 2D data builds up and diminishes the slip a lot more gradually to retain control. The simulated riders also hover around 100% with the abrupt spikes away from. The real world data very rarely has both wheels travelling at the same speed. 

[bookmark: _Toc164004157]
Conclusion
In conclusion, the key limitation of the Vi-Grade bike package is the abruptness of the sim riders’ inputs. When a real rider would be a lot smoother the simulation has apparently no ability to plan ahead. Changing gear to immediately change back, braking excessively hard for gentle corners. This limits the utility of it from assessing how the bike behaves and reacts because it doesn’t utilise it in a standard way. 
One area of concern is the fact that the greatly varied MOI values tested had no apparent impact on the simulation. 
It is also noteworthy that a lot of the issues outside of the rider can be attributed to the poor model preparation in the first place, such as questions around the speed on the straights and on the corners. More testing and preparation would be required to resolve these and isolate the potential issue purely to the rider operation. Next steps for the bike would be to conduct a coast down test to calculate reflective drag coefficients, a run down test on the dyno to accurately measure engine braking and building of proper tyre profile models to rule out the issues around gearing. As far as the track goes this model was particularly limited, more data would be required to build a reflective 3D map of the track allowing the simulation to pick optimal lines within the track limits and benefit from track banking to more accurately compare it to real data, and be a more effective tool. The abruptness of the rider may be modifiable through the use of the performance factors, for example reducing the performance of braking whilst on the straights to improve smoothness. Albeit highlighting a lot of issues, this validation serves to highlight the potential, around lean angles for example, and propose fixes for some of the most glaring issues. A future area of consideration would be comparing bike models in the software, irrespective of real world data see how reflective the delta between the two is.

Personal Contribution
There was a large collaboration between myself and my classmate Ilias on the actual act of taking the measurements and creating the models. The Vi-Road file I used was also created by the lecturer Andrew Harrison. However my key personal contribution was in regard to post-processing of our results. For example the analysis of the MOI data to find confidence intervals and attempt to combine all of the results into one reasonable value. Alongside this, I processed the results we got from the damper dyno into values actually usable for Vi-Grade by exporting the results from dyno6 and using line equations to allow interpolation within limits and eliminating extra traces, giving one value for each velocity.
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Standard Deviation
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Tolerance

Front Wheel w/TyreRear Wheel w/TyreFront Wheel w/o TyreRear Wheel w/o TyreBMW carbon rimVerification weight
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Pendulum0.4828 ± 0.0033 0.6893 ± 0.0091 0.1664 ± 0.0174 0.1688 ± 0.0021 0.0946 ± 0.0017 0.1153 ± 0.0022
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