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[bookmark: _Toc35343026]1. Introduction
The field of motorcycle engineering relies heavily on a thorough understanding of the dynamic behaviour associated with single-track vehicles in order to achieve the desired handling and performance characteristics of motorcycles, as well as the required safety standards regarding their use by variedly skilled riders, be it at the industrial design stage of production motorcycles that can be tailored to vastly different terrains or during the tuning of racing motorcycles for a given motorsport application. Whilst the fact that motorcycles are powered by an engine or motor and are comprised of comprehensive technology, such as dynamic suspension systems, directly contributes to the governing factors involved in their intrinsic behaviour and response to external inputs, all conventional two-wheeled vehicles are inherently unstable, subjected to gyroscopic effects and have multiple degrees of freedom that allow them to move out of plane, which altogether cause their natural dynamics to be highly complex when compared to the dynamics of other land vehicles like automobiles, for example. Furthermore, the role of the operator and their means of control of the vehicle are amplified due to the fact that the positioning of a rider and their proportionally large mass relative to the vehicle significantly influences the forces that determine its attitude and balance by strongly affecting the combined centre of gravity, even with regards to comparatively heavy motorcycles. The predominant manoeuvring method, however, is the physical application of torque to the front wheel through the handlebars and the investigation of this main control mechanism by means of analysing the interaction of the rider-induced steering torque input with the dynamic vehicle response is the subject of the proposed study, for the purpose of validating existing mathematical models and enhancing the understanding of motorcycle dynamics in transient state, both experimentally and analytically, whilst thereby constructively adding to the academic discourse. In addition, this research project is aimed at identifying, quantifying and assessing the parameters that control motorcycle steering behaviour and performance to allow for an advanced evaluation of different riding styles, motorcycle geometry, setup and chassis design, as well as the invention of new technologies, and ultimately the improvement of  handling quality.
The following chapters give insight into the status quo of current literature on motorcycle dynamics in general and rider control in particular, from which the research objectives are extrapolated and contextualised further, before a detailed description of the methodology chosen for the completion of the research project and a preliminary structure for present and future results is are provided. This is followed by an evaluation of the potential and limitations of the project, as well as an outline of further work that is being carried out. The research proposal closes with an extensive bibliography and a detailed timing plan that is attached as the appendix.
[bookmark: _Toc35343027]2. Literature Review
The beginning of studies on single-track vehicle dynamics goes back as far as the invention of the first bicycle in the 19th century and a detailed historical summary of literature on their dynamics is given by (Schwab & Meijaard, 2013), as well as (Kooijman & Schwab, 2011). (Sharp, 1978) offers an admittingly dated but more motorcycle-specific review on the prevailing dynamics theory and mathematical modelling capabilities at the time, with respect to general steering behaviour, oscillatory disturbances that can be observed at certain speeds and excitation frequencies in straight-line running and the effects or impact of motorcycle design and technology in this regard. Partly in joint efforts, the same author has significantly contributed to the understanding and knowledge of motorcycle dynamics during and since that time with papers like (Sharp, 1971), (Sharp, 1985), (Sharp, 2001), (Sharp & Limebeer, 2001), (Limebeer, et al., 2001), (Sharp, 2010) and a book chapter (Sharp, 2009) that primarily focus on modelling motorcycle stability and control. Another relevant source relating to this is (Weir, et al., 1979), especially since it offers an in-depth presentation of the mathematical model and derivations that lay the foundation for its investigation of the capsize, weave and wobble modes in conjunction with rider control considerations and resulting handling implications. Extensive theoretical models of motorcycle dynamics have also been developed at a number of universities over the years as part of doctorate theses by (Koenen, 1983), (Giles, 1985), (Styles, 2004) and (Rowell, 2007). However, the fundamental references in current literature are the books (Foale, 2002) and (Cossalter, 2006). The latter was written by arguably the most popular motorcycle dynamicist, who has been a professor of applied mechanics since 1986 and held a chair for vehicle dynamics at the University of Padova. In fact, the most relevant research conducted in the field and the most significant publications of recent times have originated from his consortium at the aforementioned university and examples of such that incorporate the creation of highly sophisticated modelling methods like complex multibody codes and the development of evermore advanced computational techniques to study the dynamic behaviour through simulations are (Cossalter, et al., 1999), (Cossalter & Lot, 2002), (Cossalter, et al., 2004), (Massaro & Lot, 2007), (Cossalter, et al., 2011), (Massaro, et al., 2012) or (Massaro, et al., 2013). The models that were derived at the University of Padova have also led to the development of so-called lap time simulators, such as ‘FastBike’ that is presented in (Cossalter, et al., 2003). These models aim to predict the ideal times that a specific motorcycle can achieve in pre-defined conditions over a full lap or track section of a given race circuit and are increasingly being put to use by manufacturers and teams that compete at the world-championship level of Grand Prix racing, such as Ducati Corse. The goal of this exercise is to establish ideal design and setup configurations for the best performance compromise possible based on simulations, as performed in (Cossalter, et al., 2008) and (Cossalter, et al., 2013).
Nevertheless, the required physical steering torque input for a certain manoeuvre and its interaction with the dynamic motorcycle response has merely been understood and accurately modelled for steady-state cornering scenarios, with (Cossalter, et al., 1999) and (Ueda, 2004) offering derivations for the necessary steps to calculate the individual components that the overall steering torque is made up of. These steering torque components are theoretically completely independent and cancel each other out altogether in steady-state cornering equilibrium conditions, during which the weight force that pulls the motorcycle and rider downwards is fully balanced by a centrifugal effect that results from cornering forces and prevents the motorcycle from falling over. The nature of this steering torque and its constituents are investigated further and experimentally verified with multiple motorcycles through turns of varying radii and at different cornering speeds in (Cossalter, et al., 2007) and (Cossalter, et al., 2011). The assessment of transient-state handling characteristics of motorcycles, on the other hand, as well as the influence of different riding techniques was already conducted in the late 1970s, by virtue of datalogging and measuring steering torque on instrumented reference motorcycles during simple manoeuvres like lane-changes or slalom tests. Whilst (Rice, 1979) gives an account of experimentally acquired results, the approach chosen in (Weir & Zellner, 1978) is aimed at relating and comparing the obtained measurements to the results of a linearized mathematical model. The same two authors continued their study on motorcycle stability and the effects of design alterations in conjunction with steering torque measurements in (Wier & Zellner, 1980). Further examples of previous research in this particular area that was carried out by Japanese motorcycle manufacturers in a similar manner are (Aoki, 1980), (Sugizaki & Hasegawa, 1988) and (Kuroiwa, et al., 1995). More recently and by collecting data with much more advanced sensory equipment than was available for use on reference motorcycles in the aforementioned studies, experimental verification of transient-state dynamics and the computational multibody model created by (Cossalter & Lot, 2002) was carried out at the University of Padova via slalom manoeuvres at different speeds and cone spacings. The results are presented in (Biral, et al., 2003). Whilst the correlation between the mathematically predicted physical rider input and the directly measured steering response behaviour of motorcycles in transient state for earlier publications must be deemed insufficient, the paper (Biral, et al., 2003) claims “fair to good agreement”. However, the presented congruence of the transfer functions which relate steering torque to roll angle is certainly questionable for frequencies of up to 0,5 Hz, especially when considering that the given graphs are plotted on a logarithmic scale. Generally, a numerical vehicle model for motorcycles requires an accurate virtual rider model for a simulation of the full system dynamics. Initial advancements based on the ‘Optimal Manoeuvre Method’ and using PID architecture were presented in (Lot, et al., 2008) and (Massaro, 2011), before exceptionally good correlation of overall steering torque with results from real world tests were achieved in (Massaro, et al., 2012). To do so, the non-linear motorcycle model (Cossalter, et al., 2011) is fed with previously collected data of roll angle and forward velocity to establish the path that sets a target profile for the virtual controller. It is then given predictive input control over discrete time steps for which the non-linear multibody model is linearized about a quasi-static state condition with assigned vehicle roll, speed and acceleration. Another example of a virtual rider model is (Ajmi, et al., 2017). Nonetheless, the multibody code derived herein is lacking validation through experimental testing and uses commercially available multibody software for comparison instead, namely ‘MSC ADAMS/View’. These simulation packages allow for the creation and study of multibody systems on the basis of geometric constraints and inertial properties assigned to individual objects or entire assemblies without the need for any fundamental derivations by the end user.
[bookmark: _Toc35343028]3. Research Objectives
Given the relatively limited extent of experimental research on motorcycle steering dynamics in conjunction with rider control inputs, the fundamental goal of this project is to measure the amount of steering torque that is physically applied at the handlebars and simultaneously record the exact attitude, as well as all necessary internal variables, of a modern high-performance motorcycle during various dynamic scenarios, that can range from simple manoeuvres like travelling on a circular path at constant speed, lane changes or slaloms to full flying laps at several race circuits, which can furthermore be executed by different riders of varying ability, for the purpose of analysing the entire vehicle-operator system in terms of straight-running stability, counter-steering, steady-state cornering, turning or lateral movement, as well as transient-state cornering and rider control. In addition, the aim is to derive the equations provided in (Cossalter, et al., 1999) from first principle through personal learning in order to achieve rigorous and reliable results when calculating the total steering torque from its components that are induced into the front frame by gravity, centrifugal effects, the vertical load, lateral force, longitudinal force and twisting moment of the front tyre, as well as gyroscopic effects, as depicted in Figure 1 overleaf, by implementing the previously collected data. The current literature can then be built on by comparing this calculated steering torque against the measured steering torque and thereby also validating the provided steady-state equations. Similar to the approach taken in (Massaro, et al., 2012), the underlying research question is whether applying a dynamic model that was derived for calculating steering torque in a quasi-static equilibrium condition can show sufficient correlation with actual measurements in a transient case when it is supplied with data from a real moving vehicle. In contrast to the aforementioned paper, provided that the calculated steering torque matches the computed channel from physical input measurements, the objective is to individually assess the numerous steering torque components in detail and on the basis of different geometry or setup configurations to provide a better transient-state analysis.
[image: ]
Figure 1 – Graphic representation of forces and torques that control the steering torque in steady-state cornering condition (Cossalter, et al., 2011)

In the case that this calculated steering torque does not successfully mirror the measured steering torque which is required from a rider to control the motorcycle, be it in steady or transient state, the dynamics model will undeniably require revision and enhancement to suffice for the targeted investigation of its components by the author. This can be done through the derivation of further algebraic equations that directly account for additional dynamic influences or substituting them with a full dynamics multibody model instead. With this in mind, another crucial research objective is the validation of commercial multibody simulation software packages by means of comparison with the acquired measurements. At this stage, the author has already identified an intriguing interaction between rider input and a gyroscopic torque component that is applying a further torque to the front wheel when considering a dynamically changing condition, because of the then present change in roll, i.e. roll rate, which would hypothetically contribute to the observable self-aligning effect of the front wheel to a great extent, if the rider is letting off the applied torque that induced a roll rate initially, due to the associated momentum of the motorcycle. This foreseeably calls for the requirement of a necessary alteration to the equation for gyroscopic torque, since the derived example from (Cossalter, et al., 1999) only accounts for the torque that results from turning, i.e. yaw rate. The following extension is proposed in that regard and to be checked for correctness as part of this research project:




Finally, the gained knowledge and increased understanding will be applied to future professional challenges and result in a publication on motorcycle steering behaviour and rider control in the context of handling performance.
[bookmark: _Toc35343029]4. Methodology and Results
The required data is recorded using the university-owned Ducati Panigale 1199 S that was previously transformed into a “Dynamic Vehicle Response Measurement Platform” (DVRMP) for the purpose of the proposed research project as part of the Bachelor’s dissertation (Przibylla, 2018) by the author himself. The DVRMP is a highly sophisticated data acquisition setup that uses inbuilt and aftermarket sensors, an inertial measurement unit, a dual-antenna GPS, as well as custom-built and novel sensors based on strain gauge technology for measuring physical rider input at the handlebars, i.e. steering torque, in conjunction with motorcycle attitude and its overall performance. The following list specifies the recorded variables and channels obtained from direct measurement on the motorcycle:
· Engine speed
· Gear position
· Front and rear wheel speed
· Suspension position
· Throttle grip and throttle body position
· Brake and clutch pressure
· Ambient and engine coolant temperature
· Global position and heading (dual-antenna GPS)
· Attitude (roll, yaw, pitch, etc. from IMU)
· Handlebar position (steering angle)
· Force on handlebars (steering torque)
Figure 2 shows the reference motorcycle and the associated datalogging equipment that makes it the DVRMP. A description of the exact working mechanisms behind the unique sensory layout, as well as a detailed derivation and explanation of the mathematical code for computing steering torque based on obtained strain gauge recordings and proof of its accuracy, are given in (Przibylla, 2018).
[image: ]
Figure 2 – The DVRMP with its aftermarket sensors and custom-built features

Initial data collection from simple manoeuvres is carried out at the University of Wales Trinity Saint David with lecturer Andrew Harrison riding the DVRMP, along with more comprehensive and extensive datasets of full sessions on track that are recorded with Andrew Harrison, as well as the semi-professional and competitive racer Samuel Mousley of ‘UWTSD Orthrus Racing’, riding the DVRMP at Pembrey Circuit. Furthermore, additional data is collected at Donington Park Circuit with the help of Andrew Harrison and Michael Neeves, a test rider and journalist for the British motorcycle magazine ‘MCN’. Primary data analysis and verification of fundamental motorcycle steering theory is done with the software package ‘WinARace Analyzer’ which allows for visual examination of the recorded dataset and incorporation of calculated channels in a moving window, as shown in Figure 3 overleaf, or with histograms and multi-dimensional plots, like the ones depicted in Figure 4 and 5 below.
[image: ]
Figure 3 – Screenshot from 2D-overview of channels in moving window
[image: ]
Figure 4 – Screenshot from 2D-plot of roll angle vs steering torque
[image: ]
Figure 5 – Screenshot from 2D-plot of roll angle vs yaw rate against vehicle speed
For the derivation and calculation of the mathematical steering torque model that is independent of the physically measured and real steering torque yet based on other dynamic factors of the recorded datasets, the required code is written in the numerical computing environment ‘MATLAB’. Its programming language is considerably more advanced and effective than the language of the calculation file manager in ‘WinARace Analyzer’. Another reason is that ‘MATLAB’ allows for simple import or export transfer of data tables so that all channels of the previously recorded dataset can be loaded in tabular form and any results may be exported back into ‘WinARace’ for further analysis, if this should appear necessary at any point. However, ‘MATLAB’ is not just generally acknowledged for its numerical analysis capabilities of data but also considered to be predestined for the visualisation hereof. To make use of the equations that are presented in (Cossalter, et al., 1999), the exact values for a number of constants and variables related to the motorcycle under consideration that are not part of the recorded data have to be known and used as inputs, like tyre and geometrical properties, for example. Figure 6 shows an excerpt of the input-related code in ‘MATLAB’ and the static and dynamic variables are determined by adopting several new and unique methods that can be described as follows.
[image: ]
Figure 6 – Screenshot from ‘MATLAB’ of the project code including static and dynamic variables 

Whilst most geometrical dimensions can be physically measured on the reference motorcycle, the chosen approach is to model the entire DVRMP chassis as a two-dimensional sketch in the CAD package ‘SOLIDWORKS’ based on the quoted geometry parameters of the structurally identical Ducati Panigale 1199 model that was used in the world superbike championship from the chassis program ‘MotoSPEC’, which is shown in Figure 7 overleaf.
[image: ]
Figure 7 – Screenshot from ‘MotoSPEC’ of Ducati Panigale 1199 chassis geometry

The dimensions are then validated with the reference motorcycle in the university workshops and further measurements of tyre radii and ride height are taken to alter the chassis sketch to directly apply to the DVRMP and precisely represent its geometry, so that the final sketch, which is shown in Figure 8 below, can be moved by virtually compressing or extending the front and rear suspension. 

[image: ]
Figure 8 – Screenshot from ‘SOLIDWORKS’ sketch of the DVRMP chassis geometry
This enables the author to export the data from design studies which can record the values of any variables, such as rake angle or wheelbase, whilst other variables are controlled and iteratively changing between pre-defined limits in set increments. All the geometric parameters that are required for the model code can therefore be extracted from design studies in which every possible combination of fork and shock absorber travel is implemented to the nearest millimetre and the resulting matrices for the changing variables of interest are then linked to the recorded suspension travel of the DVRMP dataset within ‘MATLAB’. Other relevant inputs in terms of constants that are needed to accurately calculate the forces and torques which act around the front assembly of the motorcycle need to be determined differently, such as the inertia of the front wheel, for which experiments are conducted to establish the intrinsic properties. Figure 9, for example, shows the front wheel accelerating down a ramp, which is repeatedly timed to determine an average time taken by the wheel to cover a certain distance and height on the ramp. In doing so, the front wheel inertia can be calculated following the procedure suggested in (Bradley, 1996). 

[image: ]
Figure 9 – Picture of experimental procedure to determine the exact front wheel inertia
Some values are initially referenced, for example the camber and cornering stiffness values are quoted from (Massaro, et al., 2013), and might require revision in the form of further experimental testing, depending on the results that are ultimately obtained from the project code. For this purpose, the author proposes the application of a custom-built rig that can support the DVRMP on the car dynamometer of the university, whilst still allowing for limited multi-directional movement of the motorcycle. Figure 10 shows the base of this rig, which bolts into the ground. It will have another piece attached to its rose joint that resembles a bracket and is depicted in Figure 11 overleaf. It connects to the motorcycle via a spindle through the end of its swingarm, where otherwise the rear wheel would be mounted, and thereby allows for the front wheel of the DVRMP to be driven on the drum of the dynamometer. The position of the drum can be adjusted and its rotational speed can be controlled by the operator so that this setup could be used for recording data from a number of step tests or establishing tyre characteristics and twisting moments at different speeds, if necessary in conjunction with the utilisation of lasers or a high-speed video camera. Sufficient safety measures for these tests are certainly required and potential solutions include suspending the DVRMP from the chains or ropes of a car lift.
[image: ]
Figure 10 – Picture of the bottom part of the rig that is indented for step tests on the dynamometer
[image: ]
Figure 11 – Sketch of the upper part of the rig that will clamp the motorcycle at the rear end of the swingarm

Whilst the parameters for targeted calculations are being defined and their values determined, the code to carry them out is already formulated and excerpts are presented in Figure 12 and 13. 

[image: ]
Figure 12 – Screenshot from ‘MATLAB’ of the project code including kinematic and path calculations
[image: ]
Figure 13 – Screenshot from ‘MATLAB’ of the project code including a calculation and plot of steering torque components

In addition to modelling the steering torque from recorded data to validate and enhance the previously mentioned set of equations, the verification of and comparison to commercial multibody simulation tools is conducted by using every accessible software package that features a motorcycle dynamics model and making both the virtual and real motorcycle perform a range of identical manoeuvres.
The appendix of this report contains a Gantt chart that gives detailed account of the current and planned progress of the project.
[bookmark: _Toc35343030]5. Evaluation
It is likely that the values of parameters that are initially used within the project code will require refinement for increased accuracy of the final results. Once good correlation with the measurement results is ultimately achieved, the project code clearly provides a powerful tool for analytically investigating the dynamics of a motorcycle-rider system in transient state and with particular focus on steering and handling behaviour, whilst it can continuously be supplied with new data from a variety of experiments with different riders and setup configurations on the motorcycle. Admittedly, assessment regarding the influence of certain structural components and design alterations is limited to the DVRMP, since only the reference motorcycle carries the unique datalogging equipment and sensors for measuring steering torque. Beyond that, budget and time constraints could pose an obstacle to progress when attempting to design, build and test variations thereof, such as new and different triple clamps, so the focus is on the work that is stipulated in the previous chapter for the time being. In the long run, transferring an already developed and improved evolution of the strain gauge setup to other motorcycles for cross-referencing and building up a database of measurements from different motorcycles might be a sensible option for dealing with the limitations of a purely experimental approach. The beauty of the proposed project, however, lies in its enablement of research on motorcycle dynamics by combined means of experimental testing and analytical methods, even if the steering torque measurement only provides insight into the relationship between the main rider input and resulting motorcycle response, rather than fully accounting for the effects of a rider changing their body position on the motorcycle or weighting its foot pegs. These are significantly less influential control mechanisms, but they are certainly not to be disregarded in their entirety. Therefore, the mathematical model must include rider movement which is monitored with an action camera that is mounted to the carbon fibre seat unit cover of the DVRMP, but it would benefit further from an accurate form of centre of gravity measurement. With regards to the dynamometer rig, the fact that centrifugal forces cannot be present due to the motorcycle remaining effectively stationary, its functionality will most likely be limited to conducting tests aimed at determining tyre properties. However, the exploration of initial roll response, including lag from hysteresis, and of overall motorcycle inertias from repeatable inputs of controlled magnitude could be possible. Successful computation of the different steering torque components simultaneously means that physical rider input can accurately be computed without the need for any sensors that are measuring force on the handlebars. This might be of particular interest for the motorsport sector where regulations regarding the conformity of certain sensory equipment can be very strict and inhibiting. Ultimately, the methods and results of the proposed project provide transferrable techniques and understanding that can considerably broaden the horizon in the field of motorcycle engineering.
[bookmark: _Toc35343031]6. Further Work
Whilst the realisation of dynamic centre of gravity measurements on the reference motorcycle has already been identified as an important future goal for improved researching capabilities, the current and ongoing progress of the proposed research is assisting the university with the development and creation of a stationary but realistic motorcycle simulator, similar to the one depicted in Figure 14 overleaf. In addition, the author is striving to invent new technology aimed at improving motorcycle performance and handling quality. This could be done by applying an increased understanding and heightened technical abilities to the extraction of potential dynamic gains from justified changes to current motorcycle design or adding features like a gyroscopic stabiliser, as shown in Figure 15, for active control of motorcycle attitude during braking, cornering and acceleration phases.
[image: ]
Figure 14 – Picture of a simple motorcycle simulator (ECA Group, 2020)
[image: ]
Figure 15 – Drawing of a gyroscopic stabilizer that is used on boats (Rudow, 2016)
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