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A literature review on motorcycle dynamics developments.
This literature review assesses current developments with a focus on those involving simulation methods and considerations. It has found that 3D track modelling is much superior and in some cases the bike is capable of more than the riders. Repeatable and accurate results can be achieved when compared to experimental data.
1. Introduction
Over the past few years, a number of papers have been published addressing the handling characteristics of motorcycles. The key focus of these seems to be primarily around modelling, such as lap simulations, torque input and traction limits. These, and others, will be explored by this literature review.
2. Dynamic Simulation
Lap time simulation is a key area of research currently due to the continual improvement of computing power and increasing awareness of the factors at play, such as steering torque [1].
2.2 Steering Torque
One of the papers [1] serves to allow the approximation of the steering torque input. This allows it to be accounted for with limited increase in sensors and complexity and to also back calculate it to apply to other prior data sets. This shows what a key factor the steer torque is and is a big step towards increasing the data set available for calculations involving it. Furthermore, the paper serves to quantify the manoeuvrability of a bike to the Lane Change Index (initially started by Cossalter [1]) and then the validation and comparison of that with bikes completing a predefined manoeuvre. This allows objective comparison and a valuable contribution in the sense that handling characteristics can be easily approximated in a pre-production scenario based on design. Furthermore, the approximation method also lends itself to being used to define limits on lap simulation, by addressing if a rider could manage a manoeuvre [2] irrespective of what the physical limits of the bike are.
2.3 Acceleration Plots
A key factor in dynamics simulation, especially with lap time simulation. Is the operational window in which the bike can operate, fundamentally the longitudinal against lateral acceleration plots.
One method is to treat the bike as a point particle with infinitely thin tyres, no side slip and no suspension deformation[2]. Whilst a significant abstraction this simplification makes the modelling a lot simpler whilst retaining the majority of the utility. Furthermore, although a lesser consideration, this abstraction isolates the frame geometry and allows comparison between frame geometry without the influence of other factors. An example would be to compare two bikes geometry whilst ignoring the influence of suspension systems that can be changed. 
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Figure 1. Acceleration plot of a 300 supersport compared to theoretical optimum [2]

The focus of the quasi-steady state analysis [2] however was to address the influence of braking strategies on rate of deceleration. They compared a front wheel brake only to an optimal bias based on vertical load distribution. This showed the in theory it was possible to brake harder when leaned over than in a straight line but that riders tend to limit their braking to the longitudinal ‘stoppie’ limit even when leaned. As a result, they revised their plot to include a hybrid line to match this limit, as shown in fig1. For the majority of riders this would be a better simulation when used in a lap time simulator however might not be applicable to higher levels of rider performance. They showed a good correlation at the opposite side of the plot however, in that acceleration closely matched their upper limit. This could in part be due to their use of lower powered bikes as the acceleration limit is governed by engine power and less rider ability making it a lot easier to predict and model, this needs more experimentation with other classes of bikes. Another drawback is that they didn’t account for the influence of speed on the shape of the plot. Increased drag and being in a different part of the powerband, which they also modelled, would change the shape of the graph through various speed ranges. This seems to be a lesser issue however due to the higher speed values on the plot are clustered around the centre, therefore the calculation being a good outer limit. 
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Figure 2. Acceleration plots a) through a range of speeds and b) through a range of road inclinations [3]

The speed changes are shown in Fig 2a, showing why certainly in positive acceleration fig 1 shifts towards the centre. This is down to increased drag limiting the available positive acceleration but also aiding the negative under braking. This shows that for future lap time simulation efforts it is important to calculate the acceleration curves on the fly dependent on speed due to the variability this introduces[3], despite the drawbacks this will have on processing requirements. Furthermore, Fig 2b does show that the acceleration plot also needs to account for the road as a 3D surface with banking, inclination and rate of bank change as this also impacts upon the shape of the plot. The key takeaway however is that it allows complete transferability of the lap time simulator. By treating every vehicle as a point mass then it is only dependent on the plot the vehicle can achieve and this allows greater comparison between, for example, bikes and cars on the same track as you only need different governing equations for each plot [3]. 
2.3.1. Future advancements
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Figure 3. Comparison of simulation models on a two-wheel drive motorcycle [4]
Another consideration of modelling from the acceleration plots is it allows greater consideration of what could be done and what this could look like. In this case, they’ve modelled the motorcycle as a two-wheel drive vehicle, with power going to the front wheel based on an optimised case of loading. Their pursuit was to design a two-wheeled drive motorcycle that could operate without the need for extra sensors by approximating the wheel load and redistributing power between the wheels at the edge of traction. They reported with their own metric an increase in performance[4], largely based on just the area of the acceleration plot. This tended to be in the lateral axis however so although offering little benefit in longitudinal performance it may improve the cornering capabilities and stability of machines[4]. Similar to the advanced stage identification being explored by Kawasaki [5], [6].
A further stability and usability oriented paper explored the application of gyroscopic stabilisers, both in cornering and longitudinal axes, to mitigate capsizing and overturning on the limit of braking or acceleration [7]. Passive gyrsocopes were found to increase the resistance to rolling the bike, reducing the handling characteristics. However, their active twin gyroscope method could behave in virtually the same way as an unaltered bike until it entered an unstable situation. 

2.4 Simulation Methods
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Figure 4. 3D road surface solid line, 2D model dashed line around turn 9 Mugello [8]

The influence of banking on corners is further shown by Fig 4, a comparison of simulation methods on the resulting reported speed. This shows the importance of accounting for acceleration not only in the longitudinal and lateral planes but in the vertical as well. Limiting to a 2D model loses a substantial amount of accuracy, with a 3-4 second variance in the reported lap time for their examples [8]. Furthermore, their calculations support the use of a quasi-steady-state model as in their testing the simulations were 2 orders of magnitude faster than a dynamic model whilst retaining accuracy [8]. This allows a faster turn around in testing and comparison of input parameters. The largest takeaway however is the substantial impact of the 3D model and how this justifies the increased work to build a map of the track in that third dimension.
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Figure 5. Mugello corner 15: speed, roll angle, curvature and racing line. Solid line from validation experiment, dotted is a dynamic simulation [9]

In contrast, a dynamic simulation can be used. In this paper [9] they achieved this by modelling the track as a ribbon and then the bikes position by its displacement along the the ribbon and its lateral displacement from it, as opposed to the global XY coordinate system used in other examples. This model also accounts for tyre profile, rather than assuming discs, and uses the Pacejka magic tyre formula to calculate the loading through them. The formula required are a lot more complicated and introduce a greater degree of input parameters and processing power but as shown in fig.5 allow a very close representation of how the bike will actually behave in use, indicating a natural progresson from the quasi-static family of modelling.
In the dynamic model, they also explored the influence of a 3D track compared to a 2D model on the same Mugello track as the quasi-static above. They found that the some of the greatest differences in the 3D model are seen in the required lean angle and in the resolution between vertical and lateral loads on the tyre. This highlights how essential the 3D model is when accounting for the rider’s torque input limits, in order to lean the bike over, and when trying to model the impact of the track on the tyres. Furthermore, the model could be further refined by changing from their current rigid body model to accounting for suspension travel. This would allow it to output suspension traces as well to compare and also would improve accuracy as the geometry changed through travel.
3. Aerodynamic Influence
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Figure 6. a) breakdown of lift front and rear [10] b) front wheel load with speed [10]
	A further consideration is the influence of aerodynamic forces on the bike dynamics. Fig 6a shows that although the bike overall makes downforce this is concentrated on the rear wheel, offsetting the lift on the front wheel. This would increase the rear traction whilst reducing the front, changing the results of the prior acceleration graphs and lap simulations. It does also show methods in order to change the aerodynamic values of the bike [10] and how this can be optimised, such as the wings seen in MotoGP. By implementing this into a lap simulator, especially with the suspension modelling mentioned in the dynamic simulation, a much better picture of traction and behaviour could be obtained. It would also factor into their tyre wear considerations. Katz also highlights the impact of the wind coming at angles relative to the bike plane and the impact this has on both drag and lift but also side force experienced by the bike, i.e. the wind trying to capsize it [10]. This is another fundamental consideration in a lap simulation and could allow track side adjustment of the rider guidance with up to date weather information.
4. Conclusion
In conclusion, the most rapidly expanding area of motorcycle dynamics appears to be that of simulation. This literature review has comprised the key considerations when designing a simulator such as starting with a bike acceleration plot in all three dimensions, the use of a 3D track surface and also accounting for the influence of the air speed and velocity. It was also found that quasi-static models can return accurate and usable results with a much faster turn around than dynamic models. However, those dynamic models have much more opportunity to be built upon with factors such as tyre loading, wear and the impact on suspension due to them accounting for the transient behaviour of the bike, as opposed to the snapshots of the static model. It was also highlighted how significant the contribution of the rider is, having to account for how much of the bikes capability they’re willing and able to use.
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