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[bookmark: _Toc118046198]Abstract
The application of publish methodologies relating to motorcycle dynamics and the handling of motorcycles has always been thought to apply directly to off-road motorcycles. Through data collection and analysis the review of the application of motorcycle dynamics methodologies to motorcycles used specifically for motocross was the goal of the research project discussed in this dissertation. Through the analysis of chassis geometry, recorded data and the application of first principles of motorcycle dynamics conclusions about the application of motorcycle dynamic methodologies conclusions about their applicability were drawn by the author. A plan of further work was then laid out for the verification of findings and expansion on already published and new ideas. A novel aspect of this dissertation was that the author was the rider of the motocross bike while collecting data, as a long-time racer they were able to provide extra insight as to how the motorcycle was behaving.








[bookmark: _Toc118046199]Introduction
The application of current methodologies for motorcycle dynamics have always thought to apply to offroad motorcycles without question. This is absolutely true for static and basic dynamic analysis of chassis geometry and motorcycle characteristics. But the application of dynamic methodologies to things like lap simulations might not apply to the world of motocross purely because the nature of the discipline does not allow for it or there is nothing to be gained from it. This research project was aimed at the collection and analysis of data from a running motorcycle, the analysis of it, and then the analysis of its application to short circuit and road going motorcycles.  This included less engine parameters than what most people recording data from these motorcycles would use but more chassis characteristics and rider inputs than what is usually used on motocross bikes. Using the recorded data an analysis and comparison between the major differences between short circuit motorcycle data and motocross data will be carried out. This is important because it is critical to really understand the differences between the disciplines if the application of the methodologies used to develop short circuit motorcycles is going to be criticized and analyzed for its application to offroad motorcycles.  






[bookmark: _Toc118046200]Literature Review
[bookmark: _Toc118046201]Overview
Literature on racing motorcycles for motocross is very limited in the academic sense, a plethora of media outlets cover them in an entertainment angle and some even cover part recommendations and how to setup a motocross bike for you as the rider and modifications you can make to it. There are books like the “Motorcycle Suspension Bible” by Paul Thede which covers all of the practical sides of suspension setup and maintenance, this book even covers how the internal valving stacks and common problems and fixes for suspension performance which could be considered literature discussing motocross bikes in an academic sense because it was published to educated racers and mechanics on the workings of suspension.  (Paul Thede, 2010)  . The literature that is out there for motorcycles refers to on-road motorcycles most of the time, very useful books like “Motorcycle Dynamics” by Vittore Cossalter, and “Motorcycle Handling and Chassis Design” by Tony Foale are often considered two of the most important books regarding the field of motorcycle dynamics and the mathematics behind it. (Cossalter, 2006) (Foale, 2002)  The concepts published in these books specifically apply to all motorcycles at a basic level, but they might miss key characteristics and how to adapt the methodologies they have published to racing motorcycles for motocross. 
Only few papers actually consider that they might be different. One of the best examples that actually refers to motocross specifically, a PhD thesis focusing on the estimation of tire forces on a motocross bike was one of the only authors to have specific “motocross” data to use in his work. Data used in his thesis was the best the author of this paper has come across with suspension traces and accelerometer traces from a professional rider on a motocross bike. (Stuardo, 2020). Specifically this set of data comes from what would be considered a “supercross” track, this is something that only a small fraction of motorcyclists will ever get to ride on, so it should be taken with this in mind. Specific considerations need to be made when discussing motocross bikes academically, this includes, circuit conditions, motorcycles specifications including chassis geometry, and rider actions. All three of these are completely different from short circuit or road use and need to be considered when analyzing and working with offroad motorcycles.
Academic publications that claim to focus on off-road motorcycles typically use some sort of off-road capable motorcycle that is aimed at mostly road use. Such as the literature reviewed for this project that use such motorcycles. A review of jump characteristics used a Royal Enfield adventure motorcycle. Yes this could be considered an off-road motorcycle but it’s main use is on the road. (Aju Joseph, 2021) Yet another review of a frequency analysis of an “offroad” motorcycle, turned out to use a Ducati Multistrada, which in fairness has been known to be able to go offroad would not be specifically called an offroad motorcycle by the author of this dissertation. (Brugnoni, 2013)  This led to the need to define the offroad motorcycle when it came to this post graduate research project as specifically for motocross. Specifically for motocross should let the readers know that the motorcycle used is a racing motorcycle and not intended for road use.
Data collection in motocross has just recently been introduced into the factory teams, much later than any road racing teams started using it. Data logging for road racing was very important and introduced when MotoGP went to four stroke motorcycles in the early 2000’s. (Kazunori Kawai, 2003) Mostly at this juncture it is used to monitor engine health and performance, although the use of string potentiometers has started to crop up amongst the well supported factory teams for suspension position. This is exactly where the data for the PhD thesis mentioned previously came from. Although not explicitly said in the thesis the data came from a factory KTM test track in Southern California from 2017. (Stuardo, 2020)[image: ]
[bookmark: _Toc118047327]Figure 1. Data Logging Equipment on Ken Roczen's HRC Supercross Bike. (Motocross Action magazine, 2022)
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[bookmark: _Toc118046203]Surface conditions
Types of dirt
Surface conditions for offroad motorcycles are an incredibly important factor when it comes to analyzing performance or just collected in general. Specifically referring to motocross, tracks in general have one specific type of dirt but it could vary from sector to sector. Dirt types can generally be broken down into several categories, these categories may differ from country to country or even from one area to another that may only be a short distance away. 
Dirt Categories:
· Loam
· Sand
· Clay
· Hardpack
· Mulch 
· Mud
The first category would be a “Loam” based track that most people would consider the best for rider comfort and overall grip, this type of dirt can be categorized by its tendency to be darker in color and transition to a lighter brown as moisture leaves the dirt. (Motosport.com, 2021)
Sand is the next soil type and will be one of the hardest soil types for riders to ride. Sand comes in a few different forms with some sand being a lighter and more dry sand like the sand found on the west coast of the United States. Some sand is heavier like the sand found in Europe and on beaches. But conditions can change with moisture, sand will not generally develop into mud like other soil types, which makes it great for locations that might get an excessive amount of rain. The only downside is the difficulty of actually riding the sand. The riding technique needed in the sand is completely different to that of any other soil type, some situations would go completely against the teachings of asphalt racing other types of dirt encountered in motocross. Sand tracks also break down much quicker and get much rougher than other tracks because sand is a less dense soils allowing the tires to dig in more. (Motosport.com, 2021)
Clay tracks are another niche dirt type that can vary greatly with how ever much moisture might be in the soil. When a clay track gets an excessive amount of rain it will turn to mud, at least in the first few inches of soil. After the first few top layers of mud are moved off of the track then typically the hard base of compacted clay will reveal itself. Riding on this hard pack clay can be like riding on ice when it is wet. A dry clay track is more likened to a standard hard packed track. (Motosport.com, 2021)
Hard pack tracks are exactly what the name suggest. Hardpacked tracks are made of dirt that is compressed and very dense. Some tracks that fall into this category will have sections or have a majority that is so hard that rubber is laid down from the tires creating a “blue groove” this gets it name from its color which tends to be a blue hue. These tracks involve a great deal of care from the rider to navigate safely and quickly. (Motosport.com, 2021)
Mulch tracks are another niche soil type. Typically used for tracks that are used exclusively as practice facilities and are open more frequently than other tracks. Mulch offers a forgiving surface to practice on and is easier for tracks to maintain. Mulch also can hold more moisture than regular dirt making it great for track in areas that received lots of rain but need to be open for practice.
Mud is a category that all of these types of tracks will fall into this category at one point or another. With enough water everything will turn into mud. Mud requires the rider to tackle it like sand but with more mechanical sympathy as mud tends to be a bike killer.
Some of these categories will cross over into one another and area of the track might wear down into another kind of dirt as dirt gets moved around by the bike riding over it but generally tracks will be one specific type of dirt for the entire or large majority of the circuit.
Features
Features of motocross tracks can be discussed here. Some features will be manmade on the circuits and others will develop over the course of a race day. Jumps are the best-known feature that are intentionally present on a motocross track but not present on an asphalt circuit. With Ballaugh bridge and the mountain at Cadwell Park being two of the most notable exceptions or their presence on a supermoto course jumps are one thing that is unique to motocross, while they can be found elsewhere if you look hard enough, their size pales in comparison to the jumps found on motocross tracks. With circuits found in professional motocross series containing huge 120+ foot jumps nothing else comes close. (Dirt Rider, 2018)
[image: A person riding a motorcycle on a dirt hill

Description automatically generated with low confidence]Other features and be defined but for conciseness and specificity to motocross only the basics will be discussed. As motorcycles breakdown the racing surface different features will develop no matter what the racing surface is like or how the track was prepped, these include ruts, breaking bumps, and acceleration bumps. (Dirt Rider, 2018) Starting with ruts, these will be less prominent on hardpacked tracks but will be present none the less. Ruts present a challenge for young riders to learn and experienced riders to master. They are great for allowing higher corner speeds and creating different racing lines around the circuit. But do develop in inconvenient places like jump faces and straights that can cause issues. Particularly on jumps ruts can be a huge hazard to riders the term “cross rutted” is used frequently and refers to when a rider unintentionally places the front and rear wheels into separate ruts causing them to crash. [bookmark: _Toc118047328]Figure 2. Ruts at Unadilla Motocross, Upstate New York. (Swanberg, 2019)


Braking bumps are another very important feature that develop as the motocross track wears through a race day. Braking bumps happen upon riders braking into a corner and because of the characteristics of either locking real wheels are inconsistent slowing of real and front wheels dirt piles into small mounds that are close together to create braking bumps. These and develop to get very big and make suspension setup specifically for braking zones critical on faster tracks that have softer dirt. A motocross bike that has its rebound damping set too “slow” will experience “packing up” a phenomenon where the suspension cannot return back to its starting position before the next bump progressively getting further into the suspension stroke. (Paul Thede, 2010) A properly setup motocross bike will absorb the bumps and let the front wheel freely return to full extension. These phenomena are less accentuated and even nonexistent in other forms of racing like short circuit racing that has very smooth racing surfaces comparatively. 
Acceleration bumps are very similar to braking bumps with a few key differences. They are formed in much the same way that braking bumps are formed but tend to be smaller and closer together. When a rider experiences acceleration bumps, they might describe it as “chatter” when coming out of a corner This is different from short circuit racing where “chatter” is not typically found on the exit of corners. (Cossalter, 2008) Suspension that is too stiff will transfer these small shocks to the rider making it uncomfortable at best and result in a loss of traction and create wheel spin at the worse. Accelerations bumps can even be found inside ruts creating a tricky situation for a rider not paying attention, if one of the wheels get bounced hard enough, they might find traction on the side walls of the rut and cause the wheel to climb out. 
Acceleration bumps may also give way to things called square edge holes. These in particular need mentioning because of how significant of a role they can play during a race for changes in line selection further of corners past the initial acceleration bumps larger bumps will develop as a continuation of the acceleration bumps and eventually develop a sharp edge on the back edge of the hole. These can greatly upset the motorcycle when impacted. Not only can they upset the motorcycle but cause flat tires and kick the rear end of the motorcycle sideways and potentially cause a crash.
Surface Conditions are ultimately important and needed to be mentioned because of the nature of the data analyzed later in the paper. Also the extreme differences in circuit presentation from asphalt to motocross and their development through a race day deserved to be mentioned to make understanding data and language used later on more accessible to readers.
[bookmark: _Toc118046204]Motorcycle Requirements
The requirements for offroad riding are very different to that of short circuit racing or road riding. Due to the fact that there a many different types of offroad riding this needs to be defined further to really be able to understand what is required of the motorcycle, multiple offroad disciplines share similar looking motorcycles but they are all slightly different. (Cycle World, 2022) Types of racing like speedway and flat track could be considered offroad riding but use very specialized motorcycles that are only suited to those specific types of racing. Other types or offroad racing such as rally, enduro, and motocross use similar motorcycles. Objectively rally is an odd ball and the motorcycles do have special features but share powerplants and suspension components, thusly putting them into this category. Enduro racing is one of the most popular forms of offroad racing and uses motorcycles derived from motocross but softened and detuned to functions properly in the tight trees and harsh environments. When referenced here enduro covers several smaller but still extremely popular types of racing like the GNCC series in America because of the similarities the motorcycles share. Motocross is the main type of offroad motorcycle racing and riding discussed in this paper and along with enduro it is one of the most popular forms of offroad motorcycle riding and racing done. Deciding which one is more popular is difficult because lots of riders do both because a motocross bike can be easily used for both with minor modifications. 
When compared with road and asphalt track applications the difference is quite clear between these and motocross bikes. For motocross long travel suspension is required, this can generally be over one foot in total suspension travel in the front and rear of the motorcycle. This is more than double the travel used in popular track bikes like a Yamaha R6. Damping characteristics are also much different with asphalt applications running much more damping on both rebound and compression than in motocross. Motocross suspension needs to be progressive to absorb all of the smaller bumps but at the same time be able to handle landings from jumps and be able to save the riders from situations the riders create themselves like over or under jumping. Motocross suspension can be looked at as having to deal with two separate things, the ‘big’ stuff, and the ‘small’ stuff, and a third variable the riders ability. Asphalt applications have a much simpler task having to focus on what the track is and what the rider can do. (Paul Thede, 2010)
Impacts with the ground and even other riders are another major difference between motocross and short circuit racing. The forces put on the motorcycle’s are tremendous when it comes to motocross and greater than that of short circuit racing. The motorcycle needs to be built to with stand these and not break. Short Circuit crashes are typically at higher speeds and on a harder surface with a bike weighing more than a motocross bike and even small tip overs can result in serious damage to the machine. In motocross it is usually the case that the rider is unable to continue before the motorcycle is. Impacts from outside contact with the ground are always a threat as well. “Roost” or the dirt that is thrown from the rear wheel of other motorcycles on the track poses as much of a threat as that of the actual track. Rocks, lumps of dirt, and other debris can hit the following rider with a lot of force. This needs to be and is considered by teams and manufacturers, radiators are protected by shrouds, forks get extra protection, hands and controls get protection, and chassis and motors get skid plates fitted by serious racers because it is not unheard of to have a flying rock penetrate the motor cases.
[bookmark: _Toc118046205]Rider Behaviors
Rider behaviors are significantly different on offroad motorcycles from that of on road motorcycles because of the aforementioned obstacles and features on the circuits. Due to the bumps and roughness a track develops. Motocross riders are required to stand for portions of the track, as the track gets rougher the required time for standing also increases to the point where a rider could need to stand for a almost all of the circuit using their legs and arms as an extra set of suspension. Offroad riders do not lean off of the motorcycle like the road riders to transfer the center of gravity of the motorcycle further to the inside of the corner. (Cossalter, 2006) Instead they use berms and ruts to help control the motorcycle in the corners and maintain traction in corners. Leaning off of the motorcycle requires a foot on the inside foot peg for most riders, due to the learn angles and ruts, generally a foot has to come off of the inside foot peg to prevent the foot being ripped off of the bike and to allow the rider to lean the motorcycle further over. Riders can also control the motorcycle over jumps like no other sport. Techniques like “seat bouncing” and “scrubbing” are fairly new relative to the age of modern motocross. “Seat bouncing” is the act of a rider compression the rear suspension further than need to create extra lift on the takeoff of a jump. (Jeffrey R. Giles, 1996) “Scrubbing” is a very new technique which most people do not fully understand unless they understand the steering mechanisms of a motorcycle. Unique to motocross an expert rider is able to lay the motorcycle over close or equal to horizontally coming over a jump or a crest. This is done by initiating a turn in the direction of lean desired. Then counter steering the other way to bring the motorcycle back to upright. The advantage of this technique is actually the reduction of airtime because you cannot drive forward in the air the rear wheel needs to be on the ground to drive the motorcycle. (Cossalter, 2006) (Przibylla, 2020)
[bookmark: _Toc118046206]Lap Simulations
The simulation of offroad motorcycle is not a new concept with an article being published in 1979 detailing very early computer simulations based around offroad motorcycles, specifically for motocross. This simulation was done using an upright model, at a constant speed, and the rider and vehicle are treated as a single rigid body. The article also stated that “No published references directly related to the computer simulation or ride response of motorcycles were found.” Which means that in 1979 there were no other computer simulations on motorcycles. (Taylor, 1979) This has changed today with almost all mainstream simulation being road based, probably because of the inconsistencies in motocross racing and difficulties there are modelling riders, motorcycles, and tracks.
lap simulations can use a variety of different software’s and come in a variety of complexities. Simplistic lap time simulators using Microsoft excel exist and can be relatively effective when specifying simple things like gearing ratios for the transmission and final drive ratio for a race weekend. (Bradley, 1996) Multibody simulation software’s have also been developed and could be developed into useful tools for racing teams. Software like VIGrade provide a good platform to really develop a very useful and diverse simulator. (VI Grade, n.d.) 
Motorcycles unlike cars have the ability to do wheelies and even flip of backwards, which means they are limited in their acceleration by their geometry more so than the loss of traction, at least when they are on the road. Using dynamometer data the motorcycles can effectively be setup with the correct gearbox and final drive ratio from the start of the weekend or gotten very close. Unlike motorcycles cars do not have the ability to flip over backwards like a motorcycle (for the most part), they are limited by traction and the wheels spinning. Geometry limited braking also applies to road motorcycles unlike cars who have to worry about locking the wheels and losing traction. Over braking a motorcycle will also either lead to a skidding situation or a situation where the motorcycle flips over, both resulting in crashes. (Akitsu, 2012) (Foale, 2002) Cornering is also considered within an effective lap time simulator; this is extra complicated in a motorcycle simulator because for the extra degrees of freedom that need to be considered. Unlike cars which transfer weight to the outside tires, motorcycles lean towards the inside of the corner. Because they lean the banking of the motorcycle and yaw rates around the corner will be different than that of the car because of the gyroscopic effect that the front wheel provides the motorcycle. (G Sequenzia, 2015)
Tires are another large part of the considerations when it comes to building a lap time simulation. Tires can affect the lean angle that the motorcycle carries through a corner by having a thicker radius or a different curvature in the tire profile that cause the real lean angle to be different than that of the ideal lean angle calculable for motorcycles. (Cossalter, 2006) (Foale, 2002) This leads to yet another level of complexity need for road motorcycle simulations that is surmountable. Motocross Tires are unique because they have raised lugs on the unlike road tires, which even with tread can be considered smooth. The lugs on motocross tires often have a different compound different to that of the carcass of the tire essentially giving the motorcycle tire two different spring rates because of the different stiffnesses of the lugs and carcass. (Dunlop Motorcycle Tires, 2022) This means that standard tire modelling on the computer may or may not apply to motocross tires, this is an area where further investigations should be made. (F. Vasquez, 2021)

[bookmark: _Toc118046207]Objectives
[bookmark: _Toc118046208]Evaluate dynamic characteristics
The first objective of this project was to look at the characteristics of the motocross bike in question and analyze the behaviors and characteristics of the bike and rider that may differ from that of asphalt racing. The analyzing of the vehicle dynamics of the offroad versus the on-road application comes with some caveats but should garner solid conclusions of the differences and similarities.
[bookmark: _Toc118046209]Evaluate Application to Lap Simulation
The Second objective will be to assess the application of published and accepted motorcycle dynamics methodologies to offroad motorcycles, specifically the ones used for motocross. The determination of how well these methodologies apply will be assessed on their application into a lap simulation. A basic lap simulation can be done with on road applications, using those methods an offroad lap simulation can be built in theory. 
[bookmark: _Toc118046210]Methodology
[bookmark: _Toc118046211]Overview
When trying to determine the applicability of published motorcycle dynamics methodologies to motocross bikes, data from other disciplines need to be used due to the lack of availability of data Time and resources were needed to collect data another reason the decision was made for comparative data to be from another discipline of motorcycling. Data from other forms of motorcycling should be able to coincide with motocross data because it is a motorcycle, fundamentally they are the same and should operate from a physics perspective. (Cossalter, 2006) Confirmation of this should show in the similarities recorded data from both motorcycles. The first of two motorcycles that were used was a Ducati Panigale 1199s owned by the university of Wales Trinity Saint David which data was provided from a testing session at Donington Park. (Racing, n.d.) The second motorcycle used was a 2008 Suzuki RM125 graciously provided by the student run motocross team at UWTSD. The motocross test session took place at Apex Motocross Track. Two drastically different motorcycles should allow for the determinations of the applicability of motorcycles dynamics methodologies and analysis of riding techniques, mechanical requirements, and behaviors of different motorcycle systems. Data used for this research project was collected by another student using the Ducati for his own project at Donington Park Circuit. (Przibylla, 2020)
[bookmark: _Toc118046212]Instrumentation
	Sensors

	Front Suspension Position

	Rear Suspension Position

	Throttle Position (TPS)

	Front Wheel Speed

	Rear Wheel Speed

	Front Brake Pressure

	Rear Brake Pressure

	Steering Angle

	Accelerometer on Front Forks

	Accelerometer on Top Shock Mount


Instrumentation of the Motorcycle had to be done to gather the necessary data need for this research project. Equipment like a 2D data logger and GPS module were used in the tracking of the motorcycle and recording of lean angles and other measured parameters. ( 2D Debus & Diebold Meßsysteme GmbH, 2022)  Motorcycles manufactured for motocross, especially two strokes, do not come with sensors from the factory, save for a throttle position sensor on some models. The table below shows a list of all active external sensors on the RM125:
[image: A picture containing text, cluttered

Description automatically generated][bookmark: _Toc118047329]Figure 3. Installing and calibrating data acquisition components. Author's Own.


The suspension needed to be instrumented both presenting unique challenges with over one foot of suspension travel in the forks meaning a string type potentiometer or a large 350mm linear potentiometer was required, ultimately the 350mm potentiometer was used for cost, IP rating, and potential for excessively fast suspension movement more cost-effective string type potentiometers would not be able to cope with. A 150mm linear potentiometer was fitted to the rear suspension attaching direct from the chassis to the swingarm and calibrated for the wheel movement. Brake Pressure Sensors were fitted to the front and the rear braking systems. These used an extra brake hose that was run from the front master cylinder and the rear brake caliper. The sensors were rubber mounted or something similar to reduce the effects of vibration which has in the past proven dangerous to these specific sensors. Two Accelerometers were fitted, one to the front fork and the other to the rear of the main chassis near to where the rear shock mounts to the chassis.  An extra throttle position sensor was fitted in an effort to preserve the original wiring harness, and not interrupt the signal the TPS sends to the CDI which could potentially cause running issues with the motorcycle. A GPS was also fitted to the motorcycle and secured to the factory CDI. Wheel speed sensors were also fitted as motocross race bike never come with speedometers or wheel speed sensors from the manufacturer. These wheels speed sensors picked up on the brake rotor bolts on the front and rear but were both in danger of being destroyed, A better solution would have been to adapter enduro motorcycle wheel speed sensors.
The wiring harness was built from scratch because the motorcycle used for this research project has very minimal wiring and sensors from the factory so building a harness from scratch was the only option. The logger was mounted on the front side of the fuel tank behind the radiator. This was done because of a lack of space in the air intake box and provided a secure and easily accessible position for connection to the logger through a computer and the wiring harness. The data logger used was a 2D data logger.
[bookmark: _Toc118046213]Instrumentation Challenges
Instrumentation of this motorcycle posed several engineering challenges. First was time constraints for manufacturing and developing mounts. The mounting positions of several of the sensors were in quite close proximity to hot or moving components, and a few were left in exposed areas that would potentially allow them to get smashed and broken. 
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[bookmark: _Toc118047330]Figure 4. A picture from the initial attempts at data collection at an ACMA British Championship Round. Note the dangling potentiometer which was cause by a broken bottom mount.
Initially the mounts were printed in PLA on an FDM 3D printer to allow for mockup and test fitting to check clearances and proper functioning. Once the author was happy with the fit of the sensors the choice had to be made whether the mounts would be machined out of metal or if they would be 3D printed. The manufacturing method other than machining and fabrication was using the selective laser sintering (SLS) 3D printer. This machine allows for rapid prototyping or manufacture of complex components in Nylon-12. Properties of Nylon-12 include a high degree of chemical and heat resistance, some mechanical flexibility, and is strong. (Formlabs, n.d.) Although these sound like Nylon-12 would be a great material for anything motorcycle related, it does have one big flaw, and that is it is brittle. Un knowing how much forces certain mounts and components would be under during testing the decision was made to manufacture all of the mounts in Nylon-12 to save time and keep the complexity of some components. In past experiences 3D manufacturing has proved durable enough for short circuit applications in mounting data acquisition sensors, but Nylon-12 proved to not be dense enough and too brittle. Perhaps a high-density, carbon additive material printed on an FDM printer would have worked but would have taken weeks to complete the print job with no guarantee of success at the point of [image: ]manufacture time was an issue. [bookmark: _Toc118047331]Figure 5. A picture of a broken upper mount for the front suspension potentiometer.

During initial testing the mounting point between the bottom of the front potentiometer and the foot of the fork was broken, it is unclear as to what caused this failure. It the process of breaking that mount the front potentiometer was bent and damaged. The lower mounting point for the rear suspension suffered a similar fate. Suspicion leads the author to believe that potentially the mount broke causing this potentiometer to be destroyed by suspension movement, although a mark on the potentiometer could also indicate a rock impact causing the potentiometer to break the mounts. The to mount for the rear potentiometer was also damaged in this incident. These mounts were either replaced or reinforced with aluminum to remedy the fact that nylon shatters upon impact of any significance, and failure of more than one component. In the second testing outing the top mount for the front suspension potentiometer met its end when the rider caught another rider on the circuit. The roost from the motorcycle ahead of the test bike hit the mount behind the front number plate and smashed it effectively ending reliable data collection for this research project because that was the final scheduled testing session. Because of the nature of motocross to be generally rough on equipment it is noted that despite certain additive manufactured mounts being up to the task and able to withstand the punishment of motocross, future mountings should be machined and fabricated out of metal to be able to withstand the forces and impacts of the ride. 

[bookmark: _Toc118046214]Collection
[bookmark: _Toc118046215]Challenges
Data collection for this research project was tough because of the dirty, bare bones nature of motocross. Unlike short circuits a motocross track typically does not have any sort of garages or even a paved parking lot in most cases. Which means for most situations including the data collection outing for this project the process of working on the bike and or logging system to correct errors or just keep the bike running is a dirty and generally disorganized task. Practice track parking lots are usually close quarters and do not allow for a suitable awning with a table and tools to be set up properly and to keep computers and batteries for data loggers charged properly. For this research project time at the was needed to be used as best as possible so for any faults that happened with the motorcycle, if not immediately clear as to what the problem and the solution would be, repair work would be carried out back at the university because of the 5-hour time window to calibrate, collect, and ride.

[bookmark: _Toc118046216]Process
Like short circuit racing the session can be broken down into sections and laps to make data analysis easier. The session naturally has an out lap and an in lap, these contain valuable data because unlike short circuit bike that mike need half a lap to gain tire temperature and such motocross rider often push the pace as soon as possible like an impatient fool. Each session used for this project consisted of one out lap at least two flying laps and one in lap, where the data was then downloaded. A camera was also fitted to the rider to match up to the recorded data to visually see what the track is doing, where the rider is on track, and how the rider is actually riding the motorcycle.
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[bookmark: _Toc118047332]Figure 6. Screenshot from onboard video from the test session at Apex.
[bookmark: _Toc118046217]Data Processing and Calculations
Data Processing and calculations were completed using several different kinds of software. Initial data collection was done using 2D ‘WinaRace’ Software. Using the WinaRace Software 2D paltry calculation tool was used to calculate necessary channels for visual use and for export to Microsoft Excel. Microsoft Excel was used for further data processing and calculations because of 2D’s easy process to export the recorded data to an excel file. Excel was also used for chassis geometry calculations and to keep track of setup sheets for each session.






[bookmark: _Toc118046218]Discussion
[bookmark: _Toc118046219]Data Analysis
[bookmark: _Toc118046220][image: ]Motorcycle Specification comparison
[bookmark: _Toc118047333]Figure 7. Table showing measurements of motorcycle chassis geometries.

Above is a table detailing the specific differences between the Ducati Panigale and the RM125, despite the drastically different looks and uses many of the parameters are very similar. Starting with the wheelbase The RM125 has a slightly longer wheelbase at 13mm longer. The mass distribution of the motorcycles from the front to the rear of the machine is a 3.4 % difference from the RM125 to the Ducati. The RM125 has slightly more weight on the rear end percentage wise. This is expected because of the nature of the tracks and general lack of traction at most circuits and need for motocross bike to carry the front wheel over holes and other obstacles. The center of gravity of the RM 125 is 196.488 mm further towards the rear of the motorcycle. The COG is significantly higher than that of the Ducati’s because of the ride height, seat height, and upright riding position. This COG moves further forward when the rider transitions into a standing position, something that the circuit bikes do not have to deal with.  When weighing the RM125 there were all fluids in the motorcycle and approximately half a tank of fuel. Standing puts and extra 2 Kg on the front of the RM125 better balancing the motorcycles out and moving it towards the 50/50 weight distribution that the Ducati’s is so close to. The front chassis geometry for both motorcycles is different from each other. The Ducati has adjustability for rake angle and fork offset in the triple clamps, for some reason this isn’t something that motocross bikes haven’t got on board with doing. The rake angle on the RM125 was measured at 27.55 degrees in the configuration that was used to collect the data.  The forks on the RM125 like most dirt bikes use an offset in the fork lugs to move the front wheel forwards effectively increasing for offset and turning the front wheel into a caster making it more likely to turn. The triple clams on the RM125 have an fork offset of 24.5mm The trail was calculated using the following formula:

[bookmark: _Toc118042955]Equation 1. Trail.

The trail calculated was 113.6mm, the trail given by Suzuki in the service manual is 114mm which confirms that the calculated trail is correct. (Suzuki Motor Corporation, 2006) The RM125 has a larger trail value than the Ducati which is 100mm. (Racing, n.d.) This is not really surprising because being a lighter and slower motorcycle the RM will be more receptive to steering inputs made by the rider and turn easier. The Ducati, a much faster and much heavier motorcycle, with a heavier wheel that spins at a much higher RPM will be harder to turn. Because of the Ducati’s weight and the greater inertia in the front wheel the lesser trail value is needed to keep the Ducati ridable without putting too much stress on the rider. (Foale, 2002)
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[bookmark: _Toc118047334]Figure 8. A screenshot from Solidworks CAD software showing a visual representation of the RM125 chassis geometry.
Because of the chain drive on most motorcycles and the geometry of the swingarm and linkage setup the motorcycle can have a characteristic to squat upon acceleration or even have ani-squat. The image above shows the main geometries of the RM125 sketched in SolidWorks, this displays, wheels, sprockets, front end geometry and the COG. Also included are squat lines that convey the tendency of this motorcycle to either wheelie over backwards or push the rear wheel into the ground. (Foale, 2002). The RM has a great deal of squat which pulls the rear end lower into the shock stroke with the loading of the chain and the rear wheel compressing the suspension some. This means that the motorcycle tends to wheelie, which is where the front wheel leaves the ground while the rear maintains contact. (Bradley, 1996) (Foale, 2002) The wheelie characteristic is actually a benefit for motocross bike as they need to maintain a larger portion of weight to the rear for portions of the circuit to avoid wheel spin. Another reason for it would be the fact that to smoothly get over larger bumps and holes that develop the rider will try to intentionally wheelie. Having the motorcycle want to already be in that state makes riding easier and can produce faster lap times.
Getting down into the suspension characteristics of the motorcycles real differences in these machines become apparent. Just looking at the on-paper specifications of the front chassis geometries someone might get the idea that the motorcycles are not too dissimilar. Yet looking at the first row of information in the table the suspension travel is the first thing that is drastically different the front wheel travel for the RM125 is more than double the displacement of the Ducati front wheel and rear wheel, although the Ducati has 10 more millimeters of travel at the rear wheel. Unlike the Ducati the RM125 has equal wheel travel with the front and rear wheel travel being 309mm of total displacement from full droop to full compression. 
[image: ][bookmark: _Toc118047335]Figure 9. Table of Suspension measurements and calculations. Left column is RM125, Right Column is Ducati.

The front spring rates for RM125 are almost half of what the Ducati’s spring rates are and exactly half in the rear. Interestingly enough the RM125 uses a shock with a travel that is almost exactly double the stroke of the Ducati shock. The RM125 has a larger link ratio to accommodate this larger shock with is needed to handle the bumps and the rigors of motocross. The RM also has a progressive linkage ratio allowing for a “plusher” feeling in the bottom of the stoke and to help control the bottoming out of the shock. Ride frequency is something used to convey how stiff a motorcycle is and is calculated using the geometry of the front end and the linkage geometry of the rear suspension using the formulas below:
[bookmark: _Toc118042956]Equation 2. Link Ratio.

[bookmark: _Toc118042957]Equation 3. Ride frequency Front.

[bookmark: _Toc118042958]Equation 4. Ride frequency Rear.

Where: 
· 
· 
· 

The difference in ride frequency between the Ducati and the RM125 is quite surprising because of the ride characteristics. It would be logical to assume that the RM125 would have a much lower ride frequency using half as stiff spring rates than the Ducati. As displayed in the table the ride frequency to the RM is actually 1.92 Hz in the front end which is surprisingly stiff and not what the test rider and author of this paper had though, conveying that the front end felt consistently soft. Springs are certainly available to move the front ride frequency of the RM up to the 2 Hz mark. The rear ride frequency is expected to be lower in the rear than in the front and is on both motorcycles the difference is the magnitude in the rear frequency. The Rm125 frequency is 0.33 Hz lower than the front while. The Ducati has a ride frequency 0.18 Hz lower than the front. It is likely the RM has such a difference in ride frequencies because of the different demands from the braking to acceleration zones in motocross the front likely has to be stiffer to accommodate the transfer of most of the load of the motorcycle to the front, and occasional pitching of the motorcycle to extreme levels. The rear is softer to allow the rear wheel to absorb the bumps and maintain the contact is needs with the ground and maintain a drive forward. (Bradley, 1996) (Foale, 2002)
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[bookmark: _Toc118047336]Figure 10. Measuring chassis geometries of the RM125 using laser levels.

[bookmark: _Toc118046221]2D Data Analysis
Suspension Characteristics
Suspension characteristics between the two motorcycles discussed in this research project can be visually compared to one another because of the drastic mechanical differences between the two and the circuits they operate on. In Figure 11. Screenshot from 2D Analyzer showing RM125 suspension and throttle movement over one lap of Apex. Front suspension is green, rear suspension is Pink, throttle is Dark Blue. In  Figure 10 it becomes very clear just how rough the circuits are that the motocross bikes operate on. This also demonstrates how soft the suspension is and how quickly it can move. Compared to the circuit data from Donington Park braking zones throughout the lap can be picked out and analyzed to assess how much suspension travel is really being used and if the motorcycle is setup correctly. With the motocross data looking at a full lap does not really give a good idea of how braking zones are and how the suspension is operating in them. It should be noted here that the data trace for the Ducati is inverted from the RM125 data trace. For the RM125 The data reads 321mm at full extension and would measure 12mm at full compression this is to allow for a factor of safety to be built into the sensor and not bottom or overextend it. The Ducati data does just the opposite. As the suspension extends the number output by the potentiometer goes up, the data sets are reversed from each other.
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[bookmark: _Ref118041971][bookmark: _Ref118041951][bookmark: _Toc118047337]Figure 11. Screenshot from 2D Analyzer showing RM125 suspension and throttle movement over one lap of Apex. Front suspension is green, rear suspension is Pink, throttle is Dark Blue.
[image: ]
[bookmark: _Toc118047338]Figure 12.Screenshot from 2D Analyzer showing suspension and throttle positions of one lap of Donington Park. Front suspension is Green, rear is Orange, throttle is Dark Blue.
One of the biggest problems with analyzing data retrieved from motocross bikes is that suspension traces on a larger scale make no sense because of the sheer number of oscillations in the suspension action. Asphalt circuits are much less bumpy and allow the analysis of larger portions of the data without having to look at sections as small as the ones needed for motocross. 
In Figure 13 we can see data traces from the RM125 going through a section of the circuit that has “rollers”. Rollers usually refer to a manmade obstacle that are a series of cyclical waves. In this picture you can see how the suspension works through these rollers. The riding technique used to get through them smoothly and quickly is to carry the front wheel as much as possible. This means even when going uphill the rider needs to move their weight to the rear of the motorcycle as much as possible causing it to wheelie. This is evidenced by the suspension traces shown in the picture where the front wheel regularly returns to full extension then compresses again. Compared to the front suspension, the rear suspension compresses more than the front because the rider is leaning back on the motorcycle. As the bike crests each roller the front wheel becomes airborne to get to the next one while the rear wheel falls into the hole between the rollers. This takes load off of the rear wheel causing the rear wheel speed to pick up. Upon the rear wheel contacting the next roller the rear wheel speed falls again because of the load increasing on the rear wheel. Though this section the rider is continually hard on the throttle. The front wheel speed is very consistent through this section because the actual velocity of the motorcycle is not really changing being an uphill part of the circuit, between rollers there is a very slight decrease in wheel speed but then it returns to where it was at the top of the las roller.
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[bookmark: _Ref118042018][bookmark: _Toc118047339]Figure 13. Screenshot from 2D Analyzer showing suspension traces of the roller section at Apex.
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[bookmark: _Ref118042032][bookmark: _Toc118047340]Figure 14. Screenshot from 2D Analyzer showing suspension compression in a braking zone at Apex. The front brake pressure is Red, the rear is Dark Pink.
Figure 14 and the second figure in this series shows a good example of what might be considered a small example of “packing up”. The circuit on the particular test day was not particularly rough. For a true example of the suspension “packing up” the track needs to be rougher. Around the 4:20 mark you can see the suspension compress under braking. This pattern of suspension movement on a larger scale would be considered packing up. In this case however it shows a wash board type of pattern then develop into a braking bump pattern, this is where the larger bumps develop in braking zones. 
Suspension movements and positions are not the only differences in the suspension movement from road use to offroad use. The suspension velocities and accelerations are different. Not only because of the state of the circuits but also because of the spring force and damping characteristics. Shown in the figures below are the minimum and maximum values for suspension position, suspension velocity, and suspension acceleration. As evidenced by the 2D Min/Max tables shown in Figure 13 and Figure 14 the RM125 experiences a significantly higher suspension velocity when compared to the Ducati, this causes all sorts of issues when it comes to determining the robust ness of suspension components used for motocross bikes and even what sensors are used to record suspension positions. The maximum compression velocity of the Ducati was 1.9 m/s on the fastest lap of the session. Please note that the maximum values for the Ducati are compression values and the Minimum values for the RM125 are the compression values because of the reverse calibration of the sensors. This pales in comparison with the front suspension velocity of the RM125 which is around 7 m/s maximum. There is a maximum of 10 m/s, this occurred after the top mounting bracket for the sensor was partially destroyed by a rock so it should be ignored although even with a broken mount that was moving around the sensor did reach the 10m/s mark. It is not out of line to expect suspension velocities to reach the 10m/s mark on a fast and rougher track, this is significant because the published maximum safe shaft velocity for this sensor according to the manufacturer is 10 m/s. This means a sensor that is able to handle the higher velocity movements should be fitted. (Penny and Giles: A Curtiss Wright Company, n.d.) A standard linear potentiometer is clearly effective for short circuit applications because of the slower suspension speeds. The rear suspension velocity for both motorcycles is slower than the front but again the rear suspension velocity is absolutely faster on the RM125 at just over 6 m/s on the compression stroke, the Ducati’s compression stroke velocity is below 0.5 m/s in the rear. Rebound velocities for the front forks on both motorcycles are lower than the velocities in the compression stroke. The maximum rebound velocities will be when the front wheel of the motorcycle is off the ground allowing the front wheel to return to full extension as fast as the valving will allow, this will be the same for the rear suspension. The suspension velocities and accelerations are so much faster of the RM125 because they need to be, and the mechanical properties allow them to be faster. Because velocities are higher is would only make sense that accelerations are higher on the RM suspension, and they are, by a lot. 
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[bookmark: _Toc118047341]Figure 15. 2D Min/Max table of Ducati Suspension
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[bookmark: _Toc118047342]Figure 16. 2D Min/Max table of RM125 Suspension

Rider Input Characteristics
Throttle
Motocross riders develop special techniques that are wildly different to those of short circuit or road racers. Figure 17 and Figure 18 evidence of the rider opening the throttle while in the air, in Figure Figure 17 at 4:25.5 and in Figure 18 at 3:07.5 This is done to intentionally increase wheel speed well past the point the speed the wheel was rotating wheel it left the ground. There is a valid purpose behind this for offroad riders, short circuit and road racers might find themselves breaking chains if they tried this technique, it works for motocross because of the slip the rear wheel has and the general lack of traction. The main reason for this is when the motorcycle lands the jump off throttle it wants to slow quite significantly causing a sudden loading of the front suspension, trying to throw the rider forward, and a loss of drive towards the next obstacle. To keep forward momentum the rear wheel speed needs increase and the motor needs to be making power. In both examples you can see that the rear wheel speed returns to a point very close to the speed it was at when it initially left the ground but continues down slightly before picking back up again. This effect is greater on a 125 because of the tight window of power production and slipping in the clutch.
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[bookmark: _Ref118042090][bookmark: _Toc118047343]Figure 17. Screenshot from 2D Analyzer showing rear wheel speed (Yellow) increase with the application of throttle while the motorcycle is in the air.
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[bookmark: _Ref118042092][bookmark: _Toc118047344]Figure 18. Screenshot from 2D Analyzer showing both wheel speeds, rear in Yellow, front in White in relation to suspension, throttle, and brakes.
Braking
In Figure 18 you can see braking traces from the RM125, as well as wheel speeds, suspension, and throttle traces. Looking at the correlation between the suspension and braking traces we can see there is some resemblance of a relationship between them. Reviewing camera footage this was coming into a corner where there is a crest in the circuit just before the corner. You can see that the rider is on the brakes coming through braking bumps using a consistent amount of front brake pressure and modulating the rear brakes when needed. Looking at the suspension traces you can see that the motorcycle starts to leave the ground as it would be cresting the rise taking the load off of the tires. This makes the rider release the brake as the bike leaves the ground, this happens multiple times a lap as this is one of the more obvious examples it was used as a visual. The purpose for releasing the brakes in a braking zone as the motorcycle leaves the ground is that being on the brakes in the air does not slow the motorcycle down. Another side effect of being on the brakes in the air is that the front wheel can stop turning. Because the front wheel is a gyroscope and the entire reason the rider has control of where the motorcycle goes and how it leans it is important to keep that spinning as much as possible. (Cossalter, 2006) (J. D. G. Kooijman, 2011) As the rider adjusts through the air to enter the corner they know to release the brake to not lock the wheels. If they do lock the wheels and land with brake pressure and the front wheel not turning, there could be a crash caused by not having the wheels turning. This is not as important for the rear of the motorcycle as rear wheels are sometimes locked or slowed coming into a corner to initiate a slide or control the speed of the motorcycle, essentially trail braking with the rear brake. Sometimes the rear brakes are intentionally activated in the air to control the pitch of the motorcycle. Displayed in the figure below are suspension, rear wheel speed, rear brake, and throttle traces. When the motorcycle is in the air the rider stands on the rear brake creating 62 BAR of brake pressure. This stops the rear wheel from spinning, thus transferring that energy into the rear suspension causing it to compress, shown in the data. Due to sampling rates the rear wheel is shown not coming to a complete stop but rather slowing significantly. The pitch is controlled by the rider because landing front end high cause over compression in the front forks and a jarring sensation for the rider. A secondary reason is depending on how the jump needs to be handled a seat bounce may have occurred. Seat bouncing causes the front end to be high, even without ‘seat bouncing’ any time the motorcycle leaves the ground front end high the rear brakes are usually tapped to drop the front end so when the rider reapplies the throttle to come in contact with the ground the motorcycle is not overly pitched backwards which could result in a crash.
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[bookmark: _Ref118042181][bookmark: _Toc118047345]Figure 19. Screenshot from 2D Analyzer showing the rider activating the rear brakes in the air.
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[bookmark: _Ref118042182][bookmark: _Toc118047346]Figure 20. Screenshot from 2D Analyzer showing braking traces. Rear in Yellow, front in Red.
In Figure 19 and Figure 20 you can see isolated braking traces of the RM125, the front brake pressures are displayed in red, and the rear are displayed in yellow. Two braking zones have been isolated because of the frequency of braking event through a lap on the RM. Looking at the data the front brake usage it is apparent that the application of the front brakes happens visually rapidly. This application in the first situation occurs in around 0.25s where the application of the Ducati front brakes takes around the same amount of time in Figure 20. The total braking time and distance is much shorter for a braking event, due to the light motorcycle at lower speeds. The braking system on the RM is much weaker that the Ducati, although this may be the case the front braking system experiences more pressure in the braking system. In Figure 22 it shows that the maximum front brake pressure per lap for the RM is around 22 bar with the absolute maximum being 24.2 Bar. The Ducati front braking pressure is lower staying under 15 Bar of brake pressure, but it does not need to be higher with much more powerful brakes. The Rider of the RM bleeds off the front brakes consistently after the weight transfer happens to the front wheel. In both instances the rider fully releases the front brakes before the rear brakes. This could come down to a lack of traction, or confidence in traction, when the motorcycle is tipped into the corner. The rear brakes can also be used for initiating a slide where required, but the most likely scenario here is poor rider habits over using the rear brakes. On short circuit applications the rear brakes are used much less because under ideal braking situation the rear wheel is slightly off the ground making using the rear brakes completely unnecessary.  
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[bookmark: _Ref118042217][bookmark: _Toc118047347]Figure 21. Screenshot from 2D Analyzer showing Ducati front brake pressures.
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[bookmark: _Ref118042236][bookmark: _Toc118047348]Figure 22. 2D Min/Max table showing brake pressures for both the Ducati and RM125.
Steering 
The steering mechanism between the two motorcycles is fundamentally the same and controlled by the rider pushing one end of the handlebars away causing the gyroscopic effect of the front wheel to lean the motorcycle. (Sharp, 1978) (Cossalter, 2006) In Figure 23 and Figure 24 below the banking angle, yaw rate and steering angle is displayed for both motorcycles. It should be noted that the scales for the data traces between each data set is the same, so each data trace displayed in each data set is different from the other data set only by its magnitude. Starting with the Ducati the steering angle is very consistently flat as expected it has been confirmed by on board footage and the steering mechanism of a high-speed motorcycle on steers by rider input on the handlebars through the gyroscopic effect. This means that even though the rider is pushing on the handlebars to turn the steering stays central relative to is available steering angle. (Przibylla, 2020) The RM125 on the other had is very erratic and does hit full lock at least once in the displayed lap. This characteristic is extremely different from the Ducati data because how much the steering actually moves. It is more linked to the low-speed bicycle model but actually the RM125 is not realistically moving slow enough to be operating in the bicycle model range and is in fact in the high-speed model of operation. (Schwab, 2013) One explanation for the erratic steering behavior is the fact that when hitting a bump the tendency of the front wheel to turn is increased because it effectively changes the geometry in the front end and can decrease the trail to the point there is not stabilising moment allowing the wheel to want to turn. (Cossalter, 2006) (Roberto Lot, 2006) [image: Chart

Description automatically generated with low confidence]
[bookmark: _Ref118042257][bookmark: _Toc118047349]Figure 23. Screenshot from 2D Analyzer showingRM125 steering (pink), lean angle (light blue), yaw rate (gray), throttle (dark blue).
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[bookmark: _Ref118042259][bookmark: _Toc118047350]Figure 24. Screenshot from 2D Analyzer showing Ducati steering (pink), lean angle (light blue), yaw rate (gray), and throttle (blue).
The distance around the Apex Moto Park track is significantly shorter than that of Donington Park, with Apex having a lap distance of just under 1700 meters and Donington having a lap distance of more than 2.3 times that at around 3,950 meters. Despite this the lap time for Donington is faster than Apex because of the much faster motorcycle on a much faster circuit. Apex Motocross also has more corners at 16 corners, Donington has 10 corners. This means that Apex is a ‘busier’ circuit making the measurement of banking angle look much more erratic as displayed in the figures above. The bank angle trace for the RM125 is very erratic changing rapidly and frequently probably partly due to the way the bike needs to be ridden and the number of corners. The Ducati data shows clear corners and clear transitions into those corners. Holding lean angles through corners more consistently than the RM as well. On a circuit as busy as Apex there really is not time for the motorcycle to come back to upright most of the time it is carrying some sort of lean angle. The corners at Apex are tight with extremely tight hairpins, even though the RM125 is just slower and carrying a slower speed through the corners because of the corner radius the lean angle is considerably close to that of the Ducati. (Bradley, 1996) Maximum lean angles for both motorcycles are close to 50 degrees either direction, although the RM125 carries marginally less maximum lean angle at 46 degrees for all flying laps. Banking rates on average are fast for the RM but not a significant amount. Although at one point the RM has a banking rate of 192 degrees/sec, looking at on board video this is because the rider lost traction in on the front wheel and started to fall, this registered as an exceptionally fast banking rate. Yaw rates between the bikes are significantly different most likely because of the small radius the corners on the motocross circuit have and the ability to carry a high lean angle through the corners which means a velocity to corner radius ratio that is similar to the Ducati even though the surface has far less traction. (J. D. G. Kooijman, 2011)
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[bookmark: _Toc118047351]Figure 25. 2D Min/Max table showing Ducati banking, yaw rate, and banking rates.
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[bookmark: _Toc118047352]Figure 26. 2D Min/Max table showing RM125 banking, yaw rate, and bank rate.

[bookmark: _Toc118046222]Application of Methodologies
[bookmark: _Toc118046223]Handling
Motorcycle’s ability to lean is something unique to them in the motorsport world, calculating the maximum speed a motorcycle can go through a corner is something that would greatly benefit the engineers creating racing motorcycles. For road racing the maximum speed and in turn maximum lean angle can theoretically be calculated using a dynamic road model. (Mammar, 2013) to simplify this a basic concept is ideal lean angle. This applies to any motorcycle on a smooth track and essentially states a Honda Goldwing will carry the same lean angle as a MotoGP race bike is they go through the same corner at the same speed regardless of their weight or any other aspect. (Cossalter, 2006) Where the standard concept of cornering for motorcycles, that is not really talked about is “ruts”. Ruts allow the motorcycle to go through a corner as a much higher rate of speed because of the dirt being built up the surface the tires are riding on are essentially at angle to the horizontal. This stops the motorcycle from sliding out of line the corner because the wall of dirt holds the motorcycle in the corner and does not allow it to slide to the outside of the corner. This can be used to achieve extreme lean angles in corners that simply would not allow it otherwise.
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[bookmark: _Ref118042294][bookmark: _Toc118047353]Figure 27. A photo of Zach Bell carrying extreme lean angle through a corner. (Motocross Action Magazine, 2015)
Calculating the actual lean angle for the motorcycle included extra steps from the ideal lean angle as the tire thickness or profile needs to be considered to get the true lean angle. (Foale, 2002)This does not apply in motocross because, once again the rut is holding the motorcycle into the corner, this is demonstrated by Figure 26 above and further detailed by the diagram below in Figure 27.[image: Diagram
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[bookmark: _Ref118042307][bookmark: _Toc118047354]Figure 28. Visual representation of how a rut or berm aids in increasing lean angle.
The smallest corner radius at Apex was 4.3 meters, this is tiny compared to a asphalt circuit. Yet with the corner being so small the berm that was built up in that corner allowed the rider to record a lean angle of 55 degrees at approximately 30 km/h. If the Ducati were to encounter a corner with such a small radius, the speed that the motorcycle would be able to achieve would be much less than that of the RM because of the berm or rut. (Lot, 2004) 
Chatter is something not immediately present in the motocross data or even obviously in the Ducati data. Chatter is when the front wheel start skipping going through a corner because of the way the chassis geometry and suspension setup interact with each other. (Cossalter, 2008) On a motocross track it would be almost impossible to pick up chatter and where or how it happens. 
[bookmark: _Toc118046224]Control Strategies
Control Strategies that are typically found on short circuit motorcycles include traction control settings to prevent the rear wheel from losing traction and to prevent excessive wheelie action. This is done by having the ECU monitor the difference in wheel speeds and closing the throttle bodies or cut ignition to slow the rear wheel. (Akitsu, 2012) The anti-wheelie control strategy would be incredibly complicated to apply to offroad motorcycles and at the same time pretty pointless. The wheel speeds on a short circuit bike follow each other closely and never get too far apart. As evidence by the Ducati data the largest differences in wheel speed come when the front wheel leaves the ground and slows creating a larger difference in wheel speed and an anomaly in the data. 
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[bookmark: _Toc118047355]Figure 29. Ducati Wheel Speeds with Slip. Rear is green, front is blue, slip is orange.
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[bookmark: _Toc118047356]Figure 30. RM125 Wheel Speeds with Slip. Rear is green, front is blue, slip is orange.
Looking at the RM125 data the wheel speeds routinely have a large disparity between them in both directions. At multiple points per lap the rear wheel speed reaches double what the front wheel is doing or goes the other way and stops completely while the front wheel keeps moving. To effectively integrate a traction control strategy into the control unit of the motocross bike the computer would have to know what is coming up in the track in regard to the obstacles and track condition. The computer would have to be able to differentiate the difference between true wheel spin and the wheel speed increase because of the motorcycle coming off of the ground. For example through the uphill roller section previously mentioned the front wheel speed remains extraordinarily constant while the rear wheel speed fluctuates greatly exceeding the maximum slip the Ducati does. This happens fast, if an engine control unit (ECU) were implemented to reduce the difference in wheel speeds, the forward drive provided by the rear wheel would be lost slowing the motorcycle to the point where it is not accelerating or even slowing down. The same would go for when the motorcycle goes over a jump and the rider opens the throttle to maintain forward drive upon landing, limiting this would most likely increase lap times because forward drive would be lost, losing time getting to the next corner.
[bookmark: _Toc118046225]Lap Sim
Lap simulations as discussed above are real tools that can be extremely helpful in reducing the time spent chasing bike setups on a race weekend. Only some of the methodologies used for the lap simulations for short circuit motorcycles apply to motocross bikes. Driving force estimations and acceleration calculations work up to the point where the ground is flat enough for the bumps to be almost negligible and for plenty of traction to be available to prevent wheel slippage. (Bradley, 1996) Wheel slippage is present no matter what but much less prevalent in road racing and is easy to deal with in a small amount. This is where lap simulation for motocross reaches its first major hurdle, the wheel spin and loss of traction would be very hard to manage in a lap simulation. As the circuit changes, rider position changes, or even the change in dirt type, quality, or compaction, can cause sudden loss of wheel spin that no modern lap simulation can account for. The changes a motocross circuit goes through in a day is orders of magnitude higher that road circuits go through, which is essentially only temperature changes. The sudden loss of traction is unpredictable and cannot be effectively accounted for because no one knows how a track will develop. Acceleration is not likely to be geometry limited like the short circuit motorcycles but, for the reasons stated previously, traction limited. Because of how slippery motocross tracks are and their lack of adhesion even with the specialized tires used in motocross riders still experience ludicrous amounts of wheel spin. This means that unless a mistake is made launching the motorcycle off of the starting line then geometry limiting the amount of acceleration possible is rare. Theoretically calculating and estimating the forces on the tires of a motocross bike have shown to be effective in correlating to real data. (F. Vasquez, 2021) This cannot be a magic bullet when predicting what will happen from lap to lap though. Controlling engine torque to control anti wheelie strategies is thusly made redundant because the acceleration of the motorcycle is not geometry limited. (Akitsu, 2012)
Under braking a motocross bike is not usually limited by its geometry like a short circuit motorcycle tends to be. Instead it mostly limited by the traction available on the surface it is running on. Because of the lack of friction the front wheel will lock far before the motorcycle flips over forwards. (Wong, 2001) (Foale, 2002) This is more likened to a car under braking than the standard thinking behind motorcycle braking. To be able to accurately simulate braking situations for a motocross bike certain things need to be known, like the coefficient of grip between the wheel and riding surface. The simple fact that the coefficient of grip will change at different points around the track and change through the race or practice session is entirely too complicated to predict and account for. In road simulation a coefficient of friction can be used for the track and adjusted based on temperatures and tire degradation, neither apply to motocross.
Suspension can also be simulated to a point where it is slightly accurate and included in the lap time simulation to further narrow the options for motorcycle setup. Simulating suspension through the method described below is not entirely accurate but can be validated through real world data to the point that useful information can be drawn from it and applied to the real thing. Firstly the acceleration and braking points need to be calculated as this is an addition onto what was talked about previously. The calculations done require the front wheel speed to be calculated previously the example used here demonstrates the idea with real wheel speed data and compares it to real suspension data. Using the wheel speed data and geometry of the motorcycle the suspension position can be calculated whether the front wheel speed in calculated or recorded on a data logger. 
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[bookmark: _Ref118042345][bookmark: _Toc118047357]Figure 31. Example of Suspension calculation. Orange is real data Blue is calculated.
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[bookmark: _Toc118047358]Figure 32. Example Suspension data to validate calculated data. Proved by project supervisor Dr. Owen Williams.
The limitations to this include using the same damping coefficient for both of the rebound and damping strokes, this could easily be solved but at the time of writing and only for demonstration purposes this is only one value. As you can see in the displayed data that the traces are close but not 100% accurate. This method can only help predict suspension movement. Although potentially useful for road applications and short circuit applications, this method does not apply to motocross bikes at all. Shown in the figures below shows a data comparison from calculating suspension position using the methodology as described above compared to the real suspension position. As you should be able to see the data trace does not line up at all with the real data. Figure 30 shows data exported from the motocross bike at the same frequency as the data from the road racing calculations. This is unrepresentative of the real motocross suspension movement, but the calculated suspension trace follows along somewhat reasonably but not close enough to call correct. Real problems start when the frequency of the exported data is increased to the frequency of the front wheel speed sensor logging channel. Because of the higher frequency nature of the motocross suspension and the sheer number of movements it undergoes in one lap of a circuit the higher frequency is absolutely necessary. If the front suspension travel is calculated using the front wheel speed output from the session on the motocross bike at the higher frequency the problem with the front suspension calculations exhibited using the lower fidelity output is amplified. The calculated suspension trace does not in any way follow the real suspension trace. The biggest reason for this is because unlike the wheel speed on the Ducati changing as the suspension is compressed or extended, the wheel speed on the motocross bike stays very constant in several sections where there are substantially suspension movements. One fantastic example of this is through the uphill roller section at Apex in Figure 12 this shows the front wheel speed remaining constant while the front suspension moves quite a bite. Also show here and where this method may work is in rear suspension because in the same figure you can see that the rear wheel speed follows the rear suspension movement closely. Even though this may work for the rear suspension this is irrelevant because of the main attractions of motocross and that is the dirt. Because the racing takes place on the dirt the tracks change and deteriorate. To do this accurately and massive amount of data would need to be calculated on how tracks develop and how the motorcycle reacts through those bumps. Each and every track develops bumps in a different way every weekend, so it is an impossible task to predict how those tracks are going to be. Making suspension simulation irrelevant in the sense that it could be used to predict movement on the track.









[bookmark: _Toc118046226]Conclusion
Motorcycles through different disciplines on racing and riding share many features and fundamentally operate in the same ways. However to better understand the nuances of motocross to more technically and better progress the sport to the point of technology that other forms of racing like MotoGP possess more needs to be understood about theses motorcycles from a fundamental and technological standpoint. Data Acquisition for short circuit motorcycles exist even at club level racing, where a larger number of people understand what the data recorded on the motorcycle means and what to do with it to improve their motorcycle. It is a fact that people spend more on road racing than motocross even at the simplest levels, for example the price of a set of tires that may only last a road racer one weekend is double the price than that of a set of motocross tire which could last for over 10 hours of use by an expert rider. Because of this disparity in price most people in the United States where asphalt road courses are hard to find for motorcycle use, will choose the cheaper and more accessible alternative which is motocross. With the lower cost being a large draw most people will not even consider data logging an option or even do not know it exists. It is absolutely possible to data log a motocross bike that has very little standard electronics and difficult packaging options. Modern four strokes which are the competitive racing motorcycle for motocross come standard with large amounts of electronics and even some modern two-strokes come with them as well. With the ability of the modern four strokes to have the availability of the electronics it comes down to awareness of the data logging and the price. Most riders and teams do not know how to use this technology to their advantage, so it is not worth spending the money on but rather buying and testing parts for an iterative approach to motorcycle development is the go to choice for most teams and riders. Factory backed teams with massive budgets around the globe are the few that do use data logging for engine diagnostics, at the time of writing and to the best of the authors knowledge Data channels like wheel speeds, and suspension travel, just to name a few, are not recorded during most race weekends. In the few instances where they are they are recorded in qualifying practice and not in place for the racing. It is the authors opinion that this is a mistake and data recording rider input channels, and every possible motorcycle characteristic will give teams a better insight as to what the rider is doing and needs, also to know how the motorcycle copes with the ever-changing tracks, qualifying practice is not representative of a national caliber circuit at the end of race day in America.  With many amateur riders struggling to finance their racing efforts and even some professional racers struggling to finance their own racing efforts, taking on the extra cost of data logging is not an option. Data collection on the entire motocross bike is paramount in the development of future race bikes and the moving away from the iterative approach in development most manufacturers use. To get club level racers using this technology like it is used in short circuit racing the price will have to be reduced and implementation made much easier. 
Applying the methodologies used for the development and understanding of road going motorcycles can help give us insight into how offroad motorcycles work. At the most basic level these methodologies hold up and work for motocross bikes. Everything from determining the damping characteristics of the suspension, to determining the center of gravity work well and are completely applicable. Where this start to break down and become overly complicated or even irrelevant are situations where the movement and active dynamics become a question. Calculating a whole lap simulation is irrelevant for the following reason. There is no effective way to simulate the racetrack at the begging of the race weekend and at the end because no one person knows how the tracks will develop and what they will look like. Simulations done for one race weekend will not work for the next race weekend because of the differences in dirt and not to mention that racetracks will not be the same from year to year changing the racing surface drastically causing the shaping of braking bumps and features that develop to be completely different making the acceleration, braking point, and corners completely different rendering simulation irrelevant.
[bookmark: _Toc118046227]Further Work
Further work that would clarify and reinforce findings with this project would include further data logging of a motocross bike and further work confirming or denying the applicability of specific methodologies. Data logging in the future should be done with a more modern motocross bike, specifically a four stroke with the ability to run more native sensors and external sensors more easily increasing the number of data logged channels. One major this that should be considered in the used of a more well-suited potentiometer for motocross suspension. The 350mm linear potentiometer used in the data collection for this research project was limited in its usefulness. Yes, it was accurate in the recording of the suspension position, this potentiometer was in danger of being catastrophically damaged the entire length of time it was employed on the motorcycle. The 350mm liner pot also required the reduction of the steering angle by some margin because of clearance issues at full steering lock. A solution to this would be to use a string potentiometer that has the ability to be mounted out of harm’s way while still recording front suspension data, at a high fidelity and managing the high velocity motocross suspension reaches. For packaging reasons the rear suspension should also be changed to a string potentiometer. Data should also be recorded at an actual race weekend to document how the motorcycle reacts to the changing track. This coupled with onboard video should give a good idea of what is happening on the motorcycle. Multiple race weekends through multiple circuits would help create almost a data base of motorcycle setups and how they should change from track to track and from condition to condition. To create a comprehensive database on this information would take several seasons utilizing multiple riders and brands of machinery. 
Further work on lap simulations could be done although in the authors honest opinion full lap simulations are an irrelevant endeavor. The simulations that could potentially be useful in some capacities are those that look at acceleration to potentially lead to the development of an active traction control system for motocross bike. Traction control or “launch control” are used to get the motorcycle off of the starting line but could be useful in the more consistent forms of racing like supercross which tend to be hard packed and a very consistent dirt through the whole circuit.
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Chassis RM125 1199s

Wheelbase 1450 1437

COG x 931.538 735.05

COG y 826.1165 659.95

Mass Front 83.9 130

Mass Rear 99 134

Mass Total 182.9 264

Rake Angle (Degrees) 27.22 25.5

Wheel Offset to Fork (mm) 33 0

Triple Clamp Offset (mm) 24.5 31

Trail (mm) 113.6719 100

Mass Front Unsprung (Kg) 9.55 13
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Front Wheel Travel 309 120

Spring Rate Front (N/mm) 8.8 18

Spring Rate Rear (N/mm) 50 100

Rear Wheel Travel 309 130

Shock Absorber Stroke 118.8462 59.9

Link Ratio 2.6 2.17

Ride Frequency Front 1.92 2.18

Ride Frequency Rear 1.53 2
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