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[bookmark: _Toc67053444]Introduction
The ubiquity of the pneumatic tyre throughout the transport sector is as of a function of the simple elegance and robust reliability in the execution of its design requirements. However, this does not mean that the tyre is without drawbacks, particularly in a performance sense tyres present an uncontrolled variable in vehicle dynamics and handling. Given that hopefully the tyre is a motorcycle only point of contact with the surface it is traversing, then the consideration for optimisation of this contact should be of the utmost concern to the designer of a vehicle system. The fundamental issue then is, how is one to control the behaviour of the tyre if as I most often the case structural and response changes can only be made indirectly. The simple hypothesis is, the tyre acts fundamentally as a single degree of freedom mass-spring-damper system, as such the fundamental characteristic of such a system apply. The tyre therefore may be considered to have modes of excitation and resonant frequencies at which these occur. It is proposed therefore that a method of indirect coupling of single degree of freedom mass-spring-damper systems can be used to achieve direct attenuation of the energy within targeted excitation modes. The hope is that in undertaking this research that the use of a tuned mass damper system may be used uniquely with modern motorcycle tyres to provide new means of directly controlling tyre excitation, giving greater control for designers and high-performance applications. 
[bookmark: _Toc67053445]Motivation
Primarily the driving force to pursue this research comes from, perennial issue within high performance motorcycle competition of vibration and tyre to chassis excitation, colloquially termed “Chatter”. Having experienced the time and effort that is expended upon this problem, and the usually means of indirect solution that seem typical, it is of great interest both academically and professionally to explore and develop new means of resolving these issues, furthermore, to take a well understood theory that is the tuned mass damper and apply it in a novel setting. If it were possible through this research produce a method for dealing with tyre vibrational modes, not only would it help racing teams with performance, but may also have wider reaching applications in commercial motorcycle noise vibration and harshness. 
[bookmark: _Toc67053446]Relevance to Industrial and Motorsport Application
One must of course frame the context of this proposal and relevance to the parties concerned in industry. As (Cossalter, Lot and Massaro, 2008) quotes, “the chatter in motorcycles is feared amongst the racing fraternity”, this fear as is so stated must come form the unknown. The unknown of the cause or possibly the unknown of a remedy. If this issue has become a common one that seemingly is a the blite of top-level racing teams, then one may be confident that any research that yields further understanding of the phenomenon or even potential remedies, hold sufficient merit. One may think deeper than this though, if the pneumatic tyres that are used in racing are for the most part like any road motorcycle, then the issue of tyre vibration could be present in any of these inline two wheeled vehicles. If manufacturers were to concern themselves so heavily with the design of their motorcycles, with respect to the stiffness and resonant and dynamic properties, yet not concern themselves with the potential that the tyre vibration could pass energy from road perturbations to the vehicle and user, then this would seem remiss. For this reason, one hopes that the wider reaching applications would also provide uses of tuned mass dampers in motorcycles, manufacturers the opportunities the freedom to do more with their structural designs while having the tools to aid mitigations of the ill effects of vibrations. 

[bookmark: _Toc67053447]1.Literature Review
To formally contextualise the intended project within the academic field, the following section will aim to assimilate a section of literature that draws upon existing examples of tuned mass dampers, their uses, and the wider concepts. Further, to examine the existing understanding of the problem that such a device would aim to mitigate, and how these can be married together, setting the scene for the proposed methodology. 
[bookmark: _Toc67053448]1.1 Tyre Vibrations
The focus of the project is centred around the idea that a motorcycle tyre upon its wheel is essentially free to vibrate as a free body. However, the wheel is never truly free as it is typically couples to the body of the motorcycle through a spring-damper and mechanical arrangement. (Cossalter, Lot and Massaro, 2008), identifies a base frequency range for these vibrations, typically being between . Interestingly the various sources interviewed in this works all report slight variations within this range for their own unique vehicles, (Hartog, 1936), gives the first natural frequency of a sprung mass as, . If one were to substitute nominal values for vertical tyre stiffness of a motorcycle and the wheel tyre unsprung assembly, it transpires that the frequencies reported by (Cossalter, Lot and Massaro, 2008) are those of the first natural frequency of the unsprung mass. Of course as (Lot, 2004), puts forth the motorcycle, unique degrees of freedom to lean means that the road perturbations are not always in plane with the vertical stiffness of the unsprung mass. Further to that the motorcycle tyre may also be considered as having two stiffness characters each orthogonal to another. As such one must be aware that the term vertical stiffness is only applicable in a particular reference frame. The first being that discussed in the former, within the reference frame of the motorcycle, the second the reference frame with respect to thew surface. 
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[bookmark: _Toc67053434]Figure 1 - Binary stiffness tyre model (Lot, 2004).
Figure 1 shows the tyre stiffness resolved in the second reference frame. One must be mindful then when considering the variation modes, in one sense if the structure of the motorcycle were considered as rigid then, the freedom the wheel could vibrate within would be that of the vertical wheel travel in the first motorcycle reference frame. In this sense then the stiffness would be fixed, and the perturbations resolved as a function of roll angle, if the opposite where to be considered then the stiffness would be resolved, and the perturbations fixed in the outer reference frame. 
	Of course the system as a whole is far more complex as described by the analytical model set forth by (Lot, 2015), the true interaction of tyre and road surface is the subject of a multivariate system, one which can only be solved through sophisticated multibody simulation. However the equation that must be asked is, does that yield and further insight into the inherent vibrational properties of the unsprung mass. (Cossalter, 2006) in his wider works suggests probably not, given that the range of frequencies he expresses of concern are relatively short bandwidth and the fact that they seem to be corroborated over a wide variety of motorcycles, seem to suggest the problem may be quite specifically defined. Should it be assumed that the limited published information about said range of vibrational frequencies are to be believed, and that they are primarily those of the resonant unsprung frequencies in “hop”, then what may be the cause? (Cossalter, Lot and Massaro, 2008), are quite explicit in their assertion that these vibrations are as a function of the interaction between tyre and surface under dynamic situations. Saying that the loadings that the tyre is subjected to, vertically in hop, laterally, and longitudinally excite the tyre producing resonance. They do not however assert whether the tyre is essentially perturbed and the resonate naturally or whether it require the perturbation to be at the primary frequencies or one of its harmonic multiples. One can imagine though either of these cases could result in a vibratory response from the unsprung mass in hop. 
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[bookmark: _Toc67053435]Figure 2 - Example Chatter in motorcycle unsprung mass (Cossalter, 2006).
Figure 2 shows example data from (Cossalter, 2006), as he states here that the vibration In unsung hop originates in the transitional period from braking to cornering. The example shown here shows the potential form significant ‘g’ loading as a result of the vibration, present in both front and rear unsprung mass. (Cossalter, Lot and Massaro, 2008), assert that this “chatter” always originates at the rear of the motorcycle and transfers to the front, it can be seen indeed that large amplitude response does indeed occur in the rear unsprung mass before the front. However, there was not enough information provided to corroborate this, there is no reasons to suggest that these frequencies did not happen to independently occur at approximately the same time dues to other external excitations common to both subsystems. 
	What is clear that within the limited documented occurrence of tyre vibrations appearing in motorcycles is, they typically have nominally similar frequencies to that of the unsprung mass first principal resonance, they also appear in either front and rear wheels and seem to occur spontaneously. 
[bookmark: _Toc67053449]1.2 Transmissibility
One must consider then what are the repercussions of a vibratory response from the unsprung mass itself and why do they pose such an issue to the performance and usability of the motorcycle. The issue again is although the unsprung mass appears to have the potential to vibrate as if an independent body, it is in fact coupled to the body of the vehicle through its own suspension system. The concept then of the transmissibility of the motions and frequencies inherent of one body affecting the response of a coupled body may go away to answering this. Anecdotally, (Cossalter, Lot and Massaro, 2008), suggests that the frequencies present appear to be at least tangible to the riders, resulting in negative rider feedback reporting lack of sensation during bouts “chatter”. (Cossalter, 2006) says that the struggle with vibrational loading introduced by the tyre presents a condition for which the typical damper cannot cope with. The answer to which may be held within the frequency ratio response where,  (Hartog, 1936), the result of which is shown graphically below in Figure 3. 
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[bookmark: _Toc67053436]Figure 3 – Acceleration body response as a function of frequency ratio (Cossalter, 2006).
	The story this tells is that there is a relationship between the hop motions frequency and the magnitude of response the sprung mass sees, this is in essence how transmissible the motion of one body is to the coupled bodies. If one takes the  as the unsprung first frequency as a representation and  as the rear sprung first frequency, this gives a ratio of . With Figure 3 showing that the frequency ratio of highest transmissibility from unsprung to sprung being 5.66 for all damping ratios, one can imagine that the example values show sufficient cause for concern being so close to this worst-case scenario. Further, should the relative motion produce oscillatory velocities that place the damper of the vehicle into a region of high effective damping ratio, then this presents a further worse case for values of . 
[bookmark: _Toc67053450]1.3 Tyre Load Fluctuations
Of course, as much as the transmissibility of the vibrations motion impacts the body of the vehicle and the user, they more also have further impacted on the dynamics and performance. One must consider the fact that the as a function of the motion and the respective forces that imparts upon each of the bodies in the system, this may provide for oscillating load upon the tyre at its contact with the surface. At its simplest (Pacjecka, 2006), describes the complex nature of the forces that influence the tractive capabilities of the tyre under given empirically derived loading conditions. One can imagine then that should the loading upon the tyre fluctuate as a result of the vibratory motion then at the least the predictability of the tyre would be lost amongst this noise if not functional performance. 
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[bookmark: _Toc67053437]Figure 4 - Tyre load fluctuations of a vehicle with damping ratio and exiting frequency (Lacroix, Seers and Liu, 2006).
Figure 4 is that of the relationship found in exciting frequencies passed to the vehicle and the resulting fluctuation in tyre load, with varied damping ratio. It would stand to reason then that the should the frequencies in the previous section be inherent int the system exciting the main suspension system, the resulting tyre load fluctuations could be very high. The caveat here being this is relating four-wheel vehicle data rather than two wheeled, thus the absolute magnitude may not be representative, but the trend certainly should. 
	(Pacjecka, 2006), in their modelling of the motorcycle tyre performance through use of the “magic formula” suggest that the combination of the tyre stiffness and loading affects the availed thrusting that the tyre can produce, shown in Figure 5. To consolidate this idea, if the tyre load is fluctuating in the vertical plane in the first reference frame of the motorcycle, when resolved with respect to the surface not only is the vertical load fluctuating, but also the side loading. One must think then that this would impact on not only reference loading of the tyre but also the slip angle due to the trye deformation. 
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[bookmark: _Toc67053438]Figure 5 - Empirical "magic formula" tyre performance in side thrust (Pacjecka, 2006).
	The impact of the fluctuations in loading because of tyre vibration frequency and the resulting impact this has on the ability to hold the tyre within what may be considered a narrow ideal operating window is stark. The requirement would be to reduce tyre load fluctuations to a minimum for the purpose of enabling the rider and suspension configuration to adopt and use the tyre within the loading that gives the greatest performance. If tyre vibration is present to the extent that it is not possible to hold the tyre in this region, large sacrifice in performance could be seen, with little view to a remedy through traditional configuration changes. 
[bookmark: _Toc67053451]1.4 Conventional Tuned Mass Dampers
(Hartog, 1936), describes a unique system of a coupled two degree of freedom mass spring system, know as the “dynamic vibration absorber”. 
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[bookmark: _Toc67053439]Figure 6 - 2DoF System synonymous with dynamic vibration absorber.
This system can be described by the following simple equations of motion,
Ms:

Mt:

The dynamic vibration absorber, now most widely known as the tuned mass damper (TMD), was first officially conceived in a patent by Frahm circa 1909. As (Hartog, 1936) demonstrates Frahm’s original tuned mass damper is in fact just a special case of the two degree of freedom system, where as the name suggest the second mass is tuned to a specific first natural frequency. The use of TMDs has been adopted quite readily in the civil engineering discipline, partly due to nature of the fixed structures that they are concerned with, but also, the implications of excitations and consequences of resonant accumulation of energy within the structure. (Moghaddas et al., 2012) gives a prime example of the use of such a TMD within a bridge structure, that suffers from induced oscillation by road traffic. They propose a method of using several TMDs tuned to the first natural frequency of different modal areas of the bridge. The variables they consider, from the respect of the second body are the mass, the stiffness, and the damping ratio. Figure 7 shows the result of their optimised TMD, such that the magnitude of the original oscillation is significantly attenuated, at the structures resonant frequency. 
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[bookmark: _Toc67053440]Figure 7 - Structural example with and without TMD (Moghaddas et al., 2012).
What can also be seen however, is that an secondary frequency band can be seen within the spectrum, likely to be caused by the addition of the newly suspended masses supported by the main body. (Hartog, 1936) explains that the reason the dynamic vibration absorber attenuates energy comes from the unique phasing of the resonance of each body. As the first body is excited the second essentially lags the first, if the second bodies first natural frequency is identical to that to that of the main body then the lag is 90 degrees behind in phase. This phase lag applies an opposing force to the main body continually out of phase and the second body slowly attenuates the energy by dissipation through its own damping. (Tathavadekar et al., 2009) goes further than this to demonstrate that in fact if the second body is tuned to any specific exciting frequency away from that of the first natural frequency of the main structure, these two may be attenuated. Of course, they also discus in this case of the secondary effect of introducing a new primary natural frequency. The implication here then is that the TMD has applications for attenuation of many frequencies of vibration seen by the body in question, something that proves to be important for structures that produce their own internal excitation modes. Something that each of (Hartog, 1936), (Tathavadekar et al., 2009) and (Moghaddas et al., 2012) all are quite explicit in is that the ratio of the mases between the body and the TMD is a large factor in the effective damping ratio the TMD can impart to the system as a whole.
[bookmark: _Toc67053452]1.5 Inertial-TMD
Given that previously the notion of adding a TMD adds to the main body supported mass, with the effect this has on shifting the resonance and further characteristics. But with the need to have a specific mass ratio between each body to achieve optimal attenuation, the this provides for a potential dilemma particularly in mass sensitive systems. The solution to this may lie in the subtle change of mechanical design the like of that shown by (Brzeski and Perlikowski, 2017) and (Brzeski, Lazarek and Perlikowski, 2017)in their optimisation of a TMD system that combine the motions of a linear and rotational mass. By having the modest linear mass drive a rotational mass through a multiplying gear effect one can, simulate the effect of a larger mass and stiffer spring arrangement. The mass equivalent being,
  (Cossalter, 2006), one can see then if the arrangement can be optimised in such a way that the pseudo mass satisfies the requirements of the damping needs yet can be designed in such a way that minimised the true mass added to the suspended main body, then this can reduce the secondary effects. Naturally such solutions do not come without their drawbacks, in this case (Brzeski and Perlikowski, 2017) is focussed on the apparent no linearity of the behaviour of such a device, saying that these effects are caused by lash in the gear system. Such nonlinear effects can have an impact on the phase lag and therefore the effectiveness of the attenuation. (Brzeski and Perlikowski, 2017) gives compelling credence to the use of internal TMDs but makes one aware of the need to make considerations for the real-world applications in both modelling and planned implementations. As means of optimising a TMD where secondary mass effects are critical however it is certainly and attractive prospect. 
[bookmark: _Toc67053453]1.6 Eddy current damping
One of the more subtle variables is the actual damping the TMD exhibits in its own motion, as both (Hartog, 1936) and (Tathavadekar et al., 2009) explore in the theoretical interaction of the bodies and the  implementation a certain degree of damping is required to attenuate the excitation energy from the main body. As (Brzeski and Perlikowski, 2017) intimates the subtle nature of the real system will always contain inefficiencies and frictions, which means when optimising and simulation is caried out these should be taken into consideration to avoid the real system achieving a damping higher than that which is desired.  This may typically be achieved through the use of passive viscous damping, as (Xue et al., 2016) explore however where traditional viscous damping provides quite large damping coefficient, the use of a viscoelastic material is used. The use of this relies on the hysteresis through the shear heating of the material in compression and relaxation with the motion of the TMD. The reliance here however is compromised by the fact that the damper also contributes to some of the stiffness and as such the properties and frequencies are less well defined. Perhaps the most promising  alternative is one realised by (Bae et al., 2014), using electromagnetic damping. The use here is one of eddy currents induced in the structure coupling the two bodies, a function of Lenz’s law a conductor that intersects the magnetic flux filed lines with relative motions induces a current in said conductor. The resulting current in turn produces it own magnetic flux field in direct opposition to the initial field, energy is thereby lost through the heating due to resistance heating in the conductor and damping force applied through the opposing filed interaction. The advantage of this method used for large beams by (Bae et al., 2014) is that it may operate in both passive or even active methods, by either the use of fixed magnets or an induced electromagnetic coil filed. The clear benefit hear is that the system can be tuned in damping in the field to account for the inefficiencies noted by (Brzeski and Perlikowski, 2017) and mitigate any simulation error. The further use of eddy current damping allows for optional monitoring of the system in use without the need for extra sensory equipment, through back emf monition as passive system can be made active with no redesign. 
[bookmark: _Toc67053454]2. Methodology and research 
From the concepts that are beholden in the literature surrounding the key areas of tyre vibration and Tuned mass damper applications in wider industry, is it the intention for this section to outline the use of research methods that will combine these areas to fulfil the appraisal of the hypotheses. One that there is sufficient merit to consider the use of a tuned mass damper in for the novel purpose of helping to reduce the effect of tyre vibrational modes in motorcycles. As such the project maybe considered in two parts, the first based in theoretical numerical simulation of use of a TMD on the proposed vehicle, and the second being the use of experimental validation of the simulations through physical testing of subsystems response and whole vehicle tests.
[bookmark: _Toc67053455]2.1 Mathematical modelling 
The numerical modelling will be based in the fundamental building software models that reflect the principals of the governing equations of mention. These combinations of ordinary differential equations (ODE), may be derived for any motorcycle systems using those first principals of Newtonian mechanics as set out by (Hartog, 1936). To solve the number of second order ODEs the intended method is to build a mathematical model that can be solved implicitly by MATLAB’s ODE45 solver. A solver that uses the Runge-Kutta method of interactive solution to high order ODEs, this is selected on the basis of works carried out into the study of multi-body simulation by (McGladdery, 2020) in which solutions were explored to evaluate the possibilities of, analytical and software based approaches using proprietary software in python and commercial implementation of the Runge-Kutta methods. An approach also used to simulate suspension response by (Sharp and Limebeer, 2001) and (Lacroix, Seers and Liu, 2006).
	The use of such simulations will be to characterise the response of the vehicle with multiple modes of excitation, to simulate the subsystems response and how the implementation of various designs of TMD may then benefit the system. Further, as a tool to optimise the parameters through algorithm where analytical solutions present mathematically complex problems. The models will be used to yield deign choices for experimental and test procedures, with a view to improving the model through validation for further refinement and optimisation. 
[bookmark: _Toc67053456]2.2 Experimentation
The intention of the physical testing is twofold, one is to feed the simulation with the empirical information required, and two is to act as a feedback to close the loop on the simulation. In current times one must be pragmatic as to the limitation currently imposed with regard to availability physical of testing. The proposed means of data gathering is to derive the inherent frequencies present within the systems and sub-systems of interest; accelerometers fixed to the axel of a free wheel institute will be first. This will be to assess the response of a wheel allowed to resonance freely and acquire the data required to compare and feed the models being developed. This same experimental set may then be used to implement the initial design of TMD, and data will be generated by the use of accelerometers on both subsystems combined with a load cell to acquire load fluctuations at the surface contact. The information and equipment developed during this institute stage will be the basis of a on vehicle sensory platform that may be used to gather data with a motorcycle in use. This platform will be used to establish inherent excitation produced by the vehicle itself during operation on a rolling road dynamometer, then conditions permitting and on road test to gather full scale data of the frequencies of excitation under full operational conditions.  
	This may not present a linear process but a loop of feedback and development dependent of the correlation and findings between the simulation and experimentation. As such the implementation of a TMD solution will run parallel to the experimental and mathematical projects.
[bookmark: _Toc67053457]3. Results and Analysis
The majority if not all the results and surrounding processes will be of a quantitative nature from both the simulation model and that of the physical testing. One must always be aware however that process undertaken affects the results, the decisions made the assumptions chosen and the method of measurement all directly impact the results drawn. The outlook therefore must be one of a post -positivist one, where it must be accepted that the fidelity of the measurements is not necessarily a reflection of the reality, but a reflection of the reality influenced by interaction. 
	There are many nuances that may be found throughout the mathematics in this project, but it is prudent to state those of prominent interest. Of general interest and those inspired by the literature review are
· Power-frequency spectrum (unsprung mass)
· Logarithmic decrement of motion (attenuation)
· Load fluctuation at the tyre-surface contact
· Vehicle accelerations and body forces 
· Transmissibility 
· Energy attenuation
[bookmark: _Toc67053458]4. Evaluation
It is the considered belief that there is merit, that tuned mass damper technology as common place as it is, could be employed with novelty in the application of attenuation of motorcycle tyre vibration. Given the challenges that are faced in the dynamic configuration of motorcycles and the problems that tyre vibration present, the applications of TMDs in this way could allow engineers the freedom to compromise less in vehicle setup. 
	There are indeed challenges faced with respect to the physical testing outlined above, therefore the plan is as open and brief as possible. It allows for some degree of fluidity, without overly constrained preconceptions of the experimental design these can adapt alongside restrictions that may present themselves. However, coupled with the theoretical and numerical modelling, the project should hold sufficient weight in research and development of the engineering philosophy around the in-field application such a device, driven by thorough simulation predictive capabilities. The thing that makes the project both novel and exciting yet more difficult to qualify against peer assessed work is the apparent lack of published information surrounding motorcycle tyre excitation. This leaves both room for work but somewhat of a vacuum for validation, therefore, one must take care to maintain a measured and cautious approach not to overstretch the reach of the uses and application of the results, particularly in simulation. 
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Figure 2. Elasticity of the tire carcass.




