



Contents
1.	Introduction	3
Overall Aims and Area of Study	3
2.	Industry Relevance	4
3.	Literature Review	4
Design Optimization and the Role of CAE in its future	4
Motorcycle Chassis Design Basics and the Importance of Stiffnesses	5
Modern Chassis Technology	6
4.	Methods	7
Overall Methodology and Task List	7
Development of Geometry, Finite Element Analysis and Motion Study	8
Initial Geometry	8
Loading cases and FEA	8
Topology Optimization and Modelling of “Racing” Geometry	8
Critique and Defence of Methodology	9
Time Allocation	10
5.	Results	10
6.	Evaluation	11
7.	References	12















Table of Figures
Figure 1: Example of loading conditions for the evaluation of the various stiffness regimes in a motorcycle chassis with a fixed swingarm pivot (Cossalter, 2006).	3
Figure 2: An experimental Autodesk-BMW collaboration on using generative design direct to additive manufacture to produce a chassis package based around the S1000RR platform to optimise for mass reduction (Autodesk and BMW, 2019).	4
Figure 3: The progression from a simple analysis model (LEFT) though  "Trail-and-Error" optimization (CENTRE) to a Computer Algorithm based “Engineer-out-of-the-loop” optimization methodology (RIGHT) (Parkinson, et al., 2013).	5
Figure 4: An example of spectacularly misjudging the required stiffness of a racing motorcycle was Ducati's GP9 Semi-Monocoque CFRP effort that generated extreme rider fatigue and “remote” handling in even the most skilled riders (Spalding, 2018) (Racing Addict, 2010).	5
Figure 5: An example of tuneable stiffness can be seen here in Suzuki's chassis offering on the GSX-RR (LEFT (Riders Club, 2020)), the front engine mount blades (component 16(14) in RIGHT image) can be changed in thickness and material to introduce lateral flex into the system while maintaining high longitudinal stiffness (Suzuki Motor Corporation, 2016).	6
Figure 6: Scan of 2009 Yamaha R6 Frame to use a starting point for development and topology optimisation to develop this design through to an international “Moto2” specification frame package.	7
Figure 7: Typical chassis stiffness values (without tyre stiffnesses considered) taken from (Cossalter, 2006).	8
Figure 8: A typical "Deep Generative Design" framework, the "Iterative Design Exploration" section (BLUE) displays the area of study to be utilised within this proposed work with other sections showing how AI can be used to remove the operators input from the design optimization process even further (Oh, et al., 2018)	9
Figure 9: FE Model (LEFT) and Colour plot of Maximum Principle Stress Distribution in Chassis Durability Test (RIGHT) for a Super-Sport chassis by Suzuki (Ide, et al., 2009)	10









[bookmark: _Toc67364351]Introduction
[image: ][image: ][image: ]
[bookmark: _Toc67364003]Figure 1: Example of loading conditions for the evaluation of the various stiffness regimes in a motorcycle chassis with a fixed swingarm pivot (Cossalter, 2006).
[bookmark: _Toc67364352]Overall Aims and Area of Study
The purpose of study for this project will be to provide a fully documented theoretical design process of the optimization of a “Road-Racing” motorcycle chassis using Topology Optimization, modern CAE methods and the exploration of applicable methods of manufacture for the component.
While motorcycle chassis design is not a ground-breaking subject and the use of a variety computational optimization/design methods in the field has been explored since the late 1980s (Yoshimura, et al., 1989) (Tuluie & Ericksen, 2000) the application of topology optimisation has only been utilised in recent years and rarely documented within the frame of Grand Prix prototype road racing.
This proposal puts forth the idea of a research investigation to show the usage of topology optimisation, current chassis technologies found in the international racing paddock and modern CAE methodologies (alongside traditional chassis design techniques) in the process of designing a racing motorcycle chassis from an existing road motorcycle geometry. This developed chassis will aim to possess the correct tuneable attributes to be considered competitive in international Grand Prix racing. This will be achieved by exploring the following areas:
· Specification of system requirements through the development of representative loading cases and design/handling considerations and exploration of existing data on racing motorcycle chassis performance.
· Development of a methodology for using a modern CAD-CAE package to generate an appropriate geometry from defined objectives and constraints.
· Topology optimisation to produce a multitude of solutions to the defined problem, analysis of the generated solutions to for the best chassis for different scenarios and to allow for ease of manufacture/tuneability.
· Specification of manufacture process and considerations for usage, component interchangeability and tuning “at-circuit”.
The boundaries of the work detailed in this proposal will be limited to the use of virtual methods (in light of the current events), no physical testing will be undertaken. To this end this project will be primarily focussed on process and investigative analysis of existing work rather than physically validated results specific to a real-world scenario.  
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[bookmark: _Toc67364004]Figure 2: An experimental Autodesk-BMW collaboration on using generative design direct to additive manufacture to produce a chassis package based around the S1000RR platform to optimise for mass reduction (Autodesk and BMW, 2019).
With experimental work carried out by Lightning Motorcycles (Autodesk, 2020), a multitude of “one-off” projects (Kumar, 2020)and most notably BMW’s “3D-Printed S1000RR” (in conjunction with Autodesk Generative Design) (Autodesk and BMW, 2019) and the development of Kawasaki’s new “H2” family of motorcycles (Ishii, et al., 2015), Topology Optimisation in motorcycle chassis design is gathering pace. Due to the reduction in human interaction hours in the design, reduction in wastage (when used in conjunction with modern manufacturing technologies such as additive manufacture) 
As such the relevance of this work to industry will be to provide the field with a documented analysis of a typical process of this kind in the hope that it can encourage a wider usage of the methodology in the industry.[footnoteRef:1] [1:  Particularly at SME/National racing level of industry.] 
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Current industry trends in the automotive world have called for greater and greater levels of design optimization to provide the ideal solution to the specific design problem presented by the specified scenario. This “arms-race” in terms of design optimization has garnered several interesting mechanical design tools but the use of Artificial Intelligence and automation in iterative design has taken this optimization to a new field of study, Topology Optimization (TO) (also referred to as “Generative Design” when coupled to an AI drive, “Deep Learning” problem generation structure) (Wang, 2019).
The goal of this modern “algorithm-driven” design optimization is to alleviate the time constraints presented by the traditional trail-and-error method of iterative design whereby the engineer will design decisions based on feedback from an analysis model of a virtual component or a physical prototype. 
In effect this traditional design methodology of “Trial-and-Error” has a “high-technology” analysis mechanism (FEA, Computational data analysis software etc.) and “low-technology” goal definition and decision mechanisms (Engineer’s opinion-based choices).
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[bookmark: _Toc67364005]Figure 3: The progression from a simple analysis model (LEFT) though  "Trail-and-Error" optimization (CENTRE) to a Computer Algorithm based “Engineer-out-of-the-loop” optimization methodology (RIGHT) (Parkinson, et al., 2013).
More modern tools, such as Topology Optimization, that fit into the “Engineer-out-of-the-loop” optimisation strategy feature both a “high-technology” analysis and decision mechanisms with only the role of initial goal definition being carried out by the user.[footnoteRef:2] [2:  This level of design optimization automation is going to be the primary focus of this project.] 

The final step on this progression is the use of training data to apply a sufficiently developed AI algorithm to the process, for the definition of initial problem criterion, thus effectively removing the human “low-tech” component altogether as noted by (Parkinson, et al., 2013) and (Oh, et al., 2018).[footnoteRef:3] [3:  This level of design optimization automation will not be covered by this project.] 
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It is the consensus view that the primary goal in motorcycle chassis design is to aim for the minimum overall mass of the chassis, maximum strength to accommodate the worst loading cases the system will be subject to and favourable characteristics for handling and compliance with the use environment (Foale, 2002) (Cossalter, 2006). 
As can be expected, this balance of attributes forces a degree of compromise with a bias to the specified priority goals. For instance, (Bradley, 1996) explains that a road motorcycle may have a focus on strength and comfort over fully optimised handling and extreme mass reduction. For the purposes of this project the goal will be a racing motorcycle where handling and mass reduction are the key concerns, therefore the bias of priority will fall into those areas with considerations of comfort and (to a reasonable degree) strength being considered secondary goals.
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[bookmark: _Toc67364006]Figure 4: An example of spectacularly misjudging the required stiffness of a racing motorcycle was Ducati's GP9 Semi-Monocoque CFRP effort that generated extreme rider fatigue and “remote” handling in even the most skilled riders (Spalding, 2018) (Racing Addict, 2010).
The primary method of achieving desired handling from a racing motorcycle chassis beyond alterations to the suspension is through the tuning of component stiffnesses, primarily the frame and swingarm of the vehicle. The metrics used to define this are latitudinal, longitudinal and torsional stiffness of the assembly. And, while they are intrinsically linked, each regime of stiffness applies to specific load cases seen by the chassis during operation.
For instance, (in simplistic terms) latitudinal stiffness applies to the characteristics of the chassis at maximum lean angle when cornering, longitudinal stiffness affects the straight-line characteristics under acceleration and braking and the torsional stiffness affects how the wheels track along the centreline in relation to each other in dynamic situations as shown in (Foale, 2002).
For the purposes of the work undertaken in this project the primary, basic goals of stiffness considered will be low latitudinal stiffness and high torsional and longitudinal stiffnesses to allow for a “supple” chassis laterally to deal with the out of plane nature of the suspension components at extreme lean angles. And a “rigid” chassis in braking, acceleration and transition to provide direct control and system that feels precise and controllable as described by (Cossalter, 2006) among other seminal works on chassis design.
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In accompaniment to the overarching chassis design considerations and the vouge methodology of this research, efforts will be made to include novel modern racing motorcycle chassis technology, chiefly the use of inserts and geometries to allow for the tuning of stiffness of that system to suit a rider as shown by several MotoGP teams in recent years.   
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[bookmark: _Toc67364007]Figure 5: An example of tuneable stiffness can be seen here in Suzuki's chassis offering on the GSX-RR (LEFT (Riders Club, 2020)), the front engine mount blades (component 16(14) in RIGHT image) can be changed in thickness and material to introduce lateral flex into the system while maintaining high longitudinal stiffness (Suzuki Motor Corporation, 2016).
Many different methods have been considered to allow for this “stiffness tuning” using geometry and interchangeable components. From Ducati Corse’s “Lab Bike” (GP13), KTMs tubular “trellis-style” frame that whole sections of frame geometry can be altered or cross-section/thickness of tubing can be changed, through the engine mounting solutions utilised by Suzuki in recent years (Figure 3) (Suzuki Motor Corporation, 2016) to a general trend across the paddock of removing or adding material near to the headstock of the frame, one thing is universal, chassis stiffness requires tuning to suit the scenario. These methods can all be seen in MotoGP documentary work by (Spalding, 2018).
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[bookmark: _Toc67364008]Figure 6: Scan of 2009 Yamaha R6 Frame to use a starting point for development and topology optimisation to develop this design through to an international “Moto2” specification frame package.
The majority of the methodology for this work will be based around the use of the Solidworks CAE suite, particularly the parametric modelling, motion simulation and in-built FEA package which includes a topology optimization software.  
The basic, over-arching task-list/methodology for this project’s work will follow the steps described below:
· Develop an initial geometry based upon scan and real-world measurements of a class-representative (middle-weight road sports bike chassis, Yamaha R6), real world chassis.
· Using this geometry assemble a representative “rolling chassis”[footnoteRef:4] system for use in loading and motion analysis.  [4:  Consistent of frame, swingarm, engine of representative mass, rolling componentry and representative suspension elements (either solid bodies or representative pseudo-parts possessing the correct properties).] 

· Analyse typical values and calculated loading values from real-world on-board data to generate a series of motion/loading scenarios. 
· Using current works and values taken from simulations on initial geometry, define a baseline specification of stiffnesses from which to build adjustability.
· Define a series of boundary conditions and working areas to allow the use of topology optimization tools. At this step initial designs for adjustability of stiffness and geometry required in modern racing chassis’ will be included in the model.
· Carry out topology optimization based off the input data generated in the previous steps.
· Evaluate the results of the optimization model and make changes and re-runs if necessary.
· Once results are considered representative and useable, develop a manufacturable component specifying techniques and materials required.
· Finally re-run the loading and motion analysis cases, compare and contrast the original geometry and the final geometry.

[bookmark: _Toc67364360]Development of Geometry, Finite Element Analysis and Motion Study
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The initial geometry for use in loading and motion cases will use the Solidworks parametric modelling/CAD software package with an imported pre-existing 3D scan[footnoteRef:5] of the universities 2009 Yamaha R6 frame. This scan alongside real-world measurements will allow the development of a “solid-model” which exhibits the same geometry as the real-world component (with the omission of non-critical features such as bracketry or noncritical mountings). This geometry will then have realistic material properties applied to it to allow for realistic responses during the loading studies. [5:  Brought into the workspace using the accompanying “ScanTo3D” add-in that Solidworks ] 

Additional representative geometry for components not under the scope of this study will be sourced to provide realistic masses, centres-of-mass, structural attributes and loading pathways to create a more realistic study and analysis.
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For the purposes of FEA analysis of the initial and final generated frame geometry a two-pronged approach will be carried out; firstly, the geometry will be assessed in the typical industry manner for determining stiffnesses of a frame geometry as found in (Cossalter, 2006) (pp. 333-334)[footnoteRef:6]. This method will use static loading cases in Solidworks’ in-built FEM solver.  [6:  Also seen in Figure 1.] 

And secondly, a small series of “worst-case” scenarios will be selected from on-board data acquisition results from the universities R6 at the various Isle of Man races to ensure that the geometry is safe for more aggressive road-racing use. This method will again use Solidworks’ in-built solver but rather than static loading cases this method will utilise the “Motion Study” and “Motion Loading” tools included in Solidworks’ package to provide a more holistic analysis of the chassis in terms of ultimate stress and safety.
It is worth noting here that the frame geometry will not be optimized for “closed public” road racing but rather true “short circuit” road racing, this “IOM Test” will provide a “worst-case” scenario that will effectively provide a safety factor to work towards when considering overall strength of the component as this is the most aggressive possible application that the geometry could be subject to.
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[bookmark: _Toc67364009]Figure 7: Typical chassis stiffness values (without tyre stiffnesses considered) taken from (Cossalter, 2006).
For the optimization section of work a set of initial boundary conditions and overarching geometry constraints will be laid down based off measurements such as: engine mounting points, mounting and travel of suspension/dynamic components, clearance for powertrain components etc. These definitions along with a defined maximum working area will provide a boundary for the topology simulation to develop its optimum solutions. Additionally, during this optimization setup phase any fully defined considerations such as headstock geometry or desired bracing/mounting geometry that differs from the original model will be included.  
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[bookmark: _Toc67364010]Figure 8: A typical "Deep Generative Design" framework, the "Iterative Design Exploration" section (BLUE) displays the area of study to be utilised within this proposed work with other sections showing how AI can be used to remove the operators input from the design optimization process even further (Oh, et al., 2018)
Whilst this method may seem rudimentary in comparison to a more technologically advanced and holistic, “AI-driven” optimization strategy, due to the nature of having a “human element” remaining in the system and goal definition for the scenario being collated in a more traditional manner there are a few caveats and considerations to be highlighted on this choice of methodology.
Firstly, true AI usage in design through “deep-learning”[footnoteRef:7] (such as that seen above in Figure 8 from work carried out by (Oh, et al., 2018)) requires extreme computing power and setup time beyond the capabilities of the facilities and timeframe available for this research. [7:  Also referred to as “Deep Generative Design”.] 

Secondly, due to the nature of the design problem, (the fact that motorcycle chassis componentry has to deal with an extremely dynamic and wide-ranging set of criteria) it would be an extremely complex to specify the training data required to utilise a generator architecture to feed the topology optimization design process. Ideally this process would require an automated multibody simulation model over a wide sample of possible real-world scenarios which then feeds into a generative goal definition architecture that then creates a feedback loop through the topology optimization framework of iterative design.
As can be surmised, this would be a rather grand task for a single researcher in a less than 6-month period!
Contrary to a more “high technology approach” the inverse could be studied with the automated iterative aspect being removed completely in favour of a manual iterative approach as used currently in the majority of motorcycle racing. This approach has been extensively documented[footnoteRef:8] would not offer anything fresh to the zeitgeist of chassis development ion modern racing motorcycles and would once again require extreme time, facilities and expenditure of resources to carry out the iterative development process of designing, and testing geometries individually, in either virtual sense as proposed in this work or physically.    [8:  See (Cossalter, 2006) (Foale, 2002) (Spalding, 2018) (Bradley, 1996) among many, many other works on motorcycle chassis design from the origins of bicycles and motor-bicycles circa 1900 through works such as (Irving, 1961) to the current day seen in the Grand Prix paddock all thoroughly documenting this process.] 
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In light of current events (regarding the SARS-CoV2 Pandemic) and the nature of carrying out work without substantial experience of the comprising tasks in terms of timing for this specific type of application the time allocation for this proposed work will be allotted into 4 distinct blocks. Each block will comprise of 3 weeks of work and will be focussed on a specific grouping of tasks. These blocks will be considered fluid in terms of time allocation as changes will be made dependent upon how the task groups progress in terms of execution, for instance if the tasks in Block 1 take 2 weeks, then the work can either be reviewed and evaluated in further depth within that time, or, if there is full confidence that the work is sound and fully completed the extra time can be allotted to task found in Block 2 etc.
The tasks allocated to each of these blocks are as follows:
Block 1. Initial geometry generation, Assembly of representative chassis and Definition of load cases.
Block 2. Definition of stiffnesses, Definition of Optimization boundary conditions and initial optimization studies (proof-of-concept).
Block 3. In-depth optimization studies and carry out application and development of tuneable chassis geometries to the study.
Block 4. Carry out any re-runs, check runs and alterations prior to final analysis and comparisons to initial geometry performance/industry standards.
In addition to these 12 weeks of work there will be a 5th “Block” to allow for write up of final findings and the finalised methodology. 
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[bookmark: _Toc67364011]Figure 9: FE Model (LEFT) and Colour plot of Maximum Principle Stress Distribution in Chassis Durability Test (RIGHT) for a Super-Sport chassis by Suzuki (Ide, et al., 2009)
The type of data that will be collected during this project will be purely quantitative numerical data as the style of study is the consideration of metrology, topology and comparison to empirical values. In addition to this quantitative data collection a degree of qualitative analysis of current designs and  solutions must be undertaken, this is due to the nature of analysing and interpreting designs used at prototype racing level, information is not readily released and distributed. 
All efforts to avoid qualitative analysis methods and to focus on quantitative, empirical data for use in informing design decisions and comparative analysis will be undertaken. 
The output data formats from the comparison of the original and final designs, topology analysis and  loading/motion analysis will all be in the form of typical FEA/Parametric study results. Some of these formats can be seen in the list below:
· “Heat maps” displaying stress distributions, deflections and other FEA specific values as distributions across the geometry under analysis, as seen in Figure 9 above.
· Numerical maximums, minimums and averages for areas of specific analysis criteria.
· Motion comparisons seen through both the motion simulations for defining load cases and in the FEA analysis when displaying deformation paths.
The key metric for analysis of stiffness in the case of the results expected from this study will be elastic deflection (or displacement of deformation prior to structure yield), which will obviously be considered in the industry standard metrics of longitudinal, latitudinal an torsion about the geometries principal axes. 
Secondary areas that will provide key results for analysis will be the stresses seen in the frame geometry, typically these are discretised into principal plane stresses (along the principal cartesian axes of the workspace or selectively along a defined axis system) and the Von-Mises stress seen in the system. 
As Von-Mises is an averaged stress seen across the entire geometry it is often considered pertinent to use this value as a good overall indication of areas of stress and relation of maximums in relation to yield but it is better practice to use principal stress values for generation of safety factors and in-depth analysis (Engin & Coker, 2017). 
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The research proposed here will hopefully help fill an academic gap in the current landscape of racing motorcycle chassis design and development by applying a modern, emerging methodology to a traditional design problem that spans over a century without a significant change to the fundamental mechanism of its design refinement process. By using a package that is representative of and contemporary with readily available tools in common usage across the industry it is hoped that this research can provide a well-documented guide, generated in a reasonable, simple and realistic manner to spur a greater usage of such tools in the specific area of racing motorcycle development. 
The nature of the methodology dictates a degree of fluidity in the execution of tasks and efforts will be made to keep the process as up-to-date as new information or published works appear over the course of the research period.   
As this proposed work does not have a clearly defined hypothesis to prove/disprove the nature of the work will aim to be more conceptual and based around the process and its impact in comparison with more traditional techniques. To this end, the evolution, documentation and analysis of the methodology will drive the outcomes and work pathway as opposed to being wholly focussed on a specific hypothetical research question.  This can be viewed as both a strength and a weakness as it allows a natural growth and a great deal of applicability to current trends/developments in industry. But, with a less defined goal, and a deficit of published information specific to the desired usage scenario, this work will constitute a “research-only” project that only provides an overview of the proposed application of methodology to the desired development scenario rather than an extremely specific hypothetical study. 
As previously stated, the methodology used in this research will sit in a “goldilocks-zone” between the lower technology, time and resources intensive, traditional optimization method and the higher technology, more computationally complex and problematic “deep learning” optimization framework. It is hoped that this will constitute the fastest, most applicable level of design optimization possible for the type of work being undertaken.
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