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Introduction

The ‘Chassis Group’ consisted originally of three members each with their own intentions of researching an element of frame design.

Connor Williams was focusing on the effects of frame deflection and how/if it can be felt by a rider, which then developed into a study and analysis of a steel trellis chassis.

Yahye Hussein was focusing on creating a carbon fibre reinforced aluminium yoke and to compare it to the aluminium yoke but because of the pandemic design studios was not available so he created it out of 7075 aluminium alloy. 

Wesley Patrick is unfortunately no longer in the group.
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Connor Williams -
Effects of Chassis Flex and Steel Trellis frame analysis

Initial Work

My Interest in frame design was fuelled by a question I’ve wondered for a while; can a rider actually feel chassis deformation? Specifically, torsional and lateral flex during high lean angle corners.

The plan was to firstly create a 3d model of a chassis in solidworks, then with FEA find the strain on various parts of the chassis when a bike is under dynamic situations e.g. High lean angle, heavy braking, etc... I would then get the real chassis in a jig and try to replicate the strain results using strain gauges, this would validate the model, and also be a starting point for the final section. Using strain gauges and a datalogger I would like to find the strain in real-time throughout a lap of a racetrack, using the solidworks model I could then find the deflection in the frame at any point. Riding near the limit of grip and finding out what the chassis is actually doing, would hopefully answer my question. 
[image: ][image: ]Figure 1 - Real testing, using a DTI to measure deformation of a 2mm steel bar
Figure 2- Cad testing, force applied at the end of the bar


As this was a very big task, I had difficulty finding where to start. With Owens advice I started small, initially with a cad model of a 2mm thick piece material, which I applied a force equal to a known weight acted upon by gravity. I then noted the maximum deflection at the end of the bar. I then did this small experiment in real life using a dial test indicator to measure the bend. Finally, I calculated the result by hand and compared the results with the bar made of aluminium and steel.

Deflection was calculated by;



	Experiment
	calculated
	measured
	Solidworks

	Steel
	0.0034m
	0.005m
	0.0031m

	Aluminium
	0.009m
	0.009m
	0.0091m



The aluminium was very close between all three methods; however, the strip of steel had a slight bend in it (being a piece of scrap in the workshop!) I think this acted as preload and thus the measured result isn’t accurate.

Although a bit of a silly experiment, it gave the group hope that it would be possible to get data with the knowledge we had so far gained from university.


The Frame

[image: ]I chose the frame from a Ducati 999 as the basis of the project. Mainly because after talking to other students, it quickly became apparent that the typical aluminium beam style chassis of the Japanese sports bikes is terribly difficult to model, at least without a 3d scan and a lot of time. I also owned a 999 so sourcing measurements wouldn’t be too difficult, so I thought. I also thought for my further work it would be great to reverse engineer what Ducati have done, and see exactly why each beam is where it is.Figure 3 - Ducati workshop manual chassis measurements


[image: ]I then noticed the glaringly obvious fact that I would have to strip my entire bike down to get measurements, unsurprisingly I didn’t fancy that.Figure 4 - Measuring headstock angle, and realising how bent the chassis is!


So, with the wonders of the internet I managed to source a crash damaged frame and with an inclinometer I began cad’ing up the frame. After several hours and realising how bent this frame was with the help of the (Ducati Motor Holding S.P.A, 2003), Tim had the marvellous idea of just sketching the workshop manual on solidworks instead of going from scratch.
[image: ][image: ]
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Figure 7 - Sketching frame from manual
Figure 6 - frame cloud point forming on z axis
Figure 5 - weldments tool, creating 1st frame model


The first go went well using the ‘weldments’ tool on solidworks, this turned out to be a nightmare trying to mesh when doing the FEA, so I went back and did it all with swept bosses. Which was much better but still didn’t like meshing.
[image: ]Figure 8 - Swept boss can't finish up to a surface, it just goes through

I also knew the results of the FEA would be wrong unless the model was very accurate after speaking to Kelvin Lake, I went back for the third time to completely remake it. The only issue I had was I didn’t know the tube thickness for each section, so I had to make an assumption. 

[image: ][image: ][image: ]Figure 9 - Final version, swept boss and extrudes
Figure 10 - 2nd attempt, swept boss tool
Figure 11 - 1st attempt, weldments

Above is the three frames, left is using weldments, middle using swept boss and the right is a mixture of swept boss and extrudes. The final model (right) isn’t linked at the rear section where the shock would mount, I knew it wouldn’t take long to do so left it until last…then corona virus hit and I didn’t have access to solidworks unfortunately.
[image: ]


I started slowly with the FEA, as with all of this the learning curve was much steeper than I thought. I made a very basic chassis and applied a load similar to that of maximum spring force in a ‘bottom out’ situation. 
[image: E:\2nd year\cad Models\999\vittores holding methods.jpg]


Figure 12 - fea and meshing test






I then started some tests on the real frame using (Cossalter, 2006) guidelines on where to attach the frame. By ‘locking’ the swingarm pivot in the diagrams to the right it is possible to measure torsional, lateral and longitudinal in one jig. I had to do quite a bit of research to see exactly how to do it in ‘the real world’.




Figure 13 - Motorcycle Dyamics p334

In my research I found the University of Padova to be the forefront of chassis research, Industry specialists such as Alpha Racing also have a chassis testing rig for their IDM (German Superbike) racing campaign. I can imagine that a lot of this data is passed onto BMW for future iterations of their S1000RR superbike.
[image: page12image7975520][image: ]Figure 14 - Chassis testing rig at the University of Padova, Headstock mounted
Figure 15 - Chassis testing rig at Alpha Racing, Swingarm mounted

Conclusion of chassis
[image: ][image: ][image: ]












Figure 16 - top view
Figure 17 - side/rear view
Figure 18 - front view


Above is how the chassis currently looks, I’m very disappointed that I wasn’t able to model the rear suspension mounting point, I believe it would have had an effect on the final conclusions. Another missing part is the an extra ‘tube’ between the swingarm pivot and rear engine mount. 

[image: ]In my analysis I have treated the frame to be held not only by the swingarm point, but also the engine mounts, this is not accurate or correct. However, I assume that the engine to have an almost unmeasurable amount of flex. Purely based upon the requirement of the engine internals to have very specific oil clearances, distortion of the crankcase would destroy the engine very quickly. Which obviously doesn’t happen. As I didn’t have time to model the forks, I’ve extruded a pole through the headstock. The length of this is similar to the contact patch of the wheel, which is where the force would be applied. This ‘pole’ isn’t treated as a ridged body as again... I wasn’t able to learn how to do it. I assume it to have a negligible amount of flex in comparison to the rest of the frame.
Figure 19 - Final chassis design showing 'forks'


















Braking
[image: ]
Figure 20 - stress caused by longitudinal force of braking
[image: ]The first test I performed was a longitudinal braking test, applying an upwards force (orange arrows) similar to that of Nf when Nr = 0 during hard braking, and a longitudinal (braking) force consistent with that of a Ducati 1199 Panigale of which I have data for. This isn’t 100% accurate; with the university lockdown I wasn’t able to plug in real numbers for the bike without having solidworks at home. This is purely a visual based on close values, and I believe it’s enough to come to some interesting conclusions.Figure 21 - stress in upper frame rail
Figure 22 - Pierobon '999 SBK' frame as supplied to Ducati Corse

[image: ][image: ]On the left shows a different view of the longitudinal braking, with strain showing in differing colours. To the right is a Ducati Corse 999RS F06, a world superbike chassis made by Pierobon, with an additional brace bar. I would have loved to have modelled this and seen the difference it created. For now, I can only assume the difference it would make. I believe that it has less to do with controlling the twist around the headstock due to braking, and more to do with what is pictured below (colour shows deformation not stress). Because of the brace bar connecting the left and right side of the chassis, the frame distorts and suffers from torsional deformation. This could be enough to put the front and rear wheel out of alignment and causing some unusual feelings when riding the bike, especially when trail braking into a corner. Although an exaggerated load does show that the frame seems to pivot around the front engine mount, the additional bracing would definitely support that as well. I have a video showing this that I’m unable to show due to the university closure and lack of final viva. Interestingly the 848/1098/1198 series of bikes that superseded the 999 model, all had a larger diameter upper frame rail (Pierobon Frames, 2017).
Figure 23 - Torsional deformation of the chassis through longitudinal braking force

Torsional & Lateral Deformation
[image: ][image: ]













Figure 24 - Lateral load with brace bar
Figure 25- Lateral load without brace bar

To see an extreme case of lateral and torsional deformation on the chassis, I applied a load perpendicular to the wheel contact patch, emulating the vehicle going over a bump at high lean. Obviously, this wouldn’t be acting perpendicular, it would be acting at whatever lean angle the bike is at, again this is something I would have accounted for without the university closure. This time Nf was equal to half the vehicle weight by assuming a 50/50 weight distribution, plus the effects of centrifugal force acting vertically to the headstock. The forces used were estimated, and this can only be used as a visual to see what is happening. As you can see above, the difference in deformation with and without the brace bar is only very slight. I do have a video which shows this further. I also applied a purely lateral force against the headstock and as expected the brace bar acted as triangulation and enormously strengthened the chassis. Due to the length of the contact patch to headstock, pure lateral deformation is very minimal. The wheel and forks act as a bar to twist the head stock rather than ‘push’ it.
[image: ]Looking at the stress on the upper frame rail (arrow), It’s clear the bracing of the WSBK modification would help. How much of this an average rider could actually feel would be very negligible in my opinion. However, most of my thoughts have been focused on the actual movement and deformation of the chassis, I haven’t considered the frame to act as an undamped spring. The oscillations created by loading and unloading the frame continually, for instance when a tyre is losing and gaining traction on corner exit, I believe would be noticeable. I have no evidence of this. However, figure 14 shows the university of Padova’s chassis rig ‘MotoStiffMeter’ that does include an oscillating device, information can be found in (Taraborrelli, unknown). This shows that damping characteristics of a frame is just as important as the flex. I hope to further study this to really understand how riders can ‘feel’ the limit of grip.Figure 26 - stress on upper chassis rail


[image: ][image: ]The world of MotoGP has often seen strange measuring equipment, regularly on swingarms in preseason testing. What data they’re actually trying to get is often a subject of controversy.
Figure 27- sensor measuring distance (motogp.com)
Figure 28 - sensor on swingarm (motogp.com)

Anomaly’s

I continuously seen high levels of strain in one area of the chassis under longitudinal and lateral/torsional testing. 
[image: ][image: ][image: ]

I noticed I had forgotten to add part of the bracing in the model that was on the real chassis, completely by accident I found out why it was there! Very interesting!


Future work

As you are probably wondering I haven’t shown anything about part 2 and 3 of the project, the real-world testing with strain gauges. This is partly because I massively underestimated the time it would take to make an accurate cad model of the chassis, and also because I really enjoyed reverse engineering Ducati’s decision making with the design of the chassis. Both of these reasons steered the course of the project. I’ve found lots of research that I haven’t directly referenced but it has helped me understand an awful lot about the dynamics of a bike. For my 3rd year I would like to continue with this project and learn more.

Group outcome

Yahye has been making some great progress with some FEA testing on triple clamps, it would be great to combine my model with his and potentially add in forks for a full wheel contact patch to swingarm pivot FEA test. 

Covid-19 interruptions

It’s very very easy to blame the disruption of the project due to the coronavirus pandemic, by saying I didn’t have enough time. I did. However, I tried to leave the testing of the chassis until the last possible moment as its quite easy to do, hopefully allowing the chassis to be as accurate as possible. This has massively shot me in the foot as the chassis is quite good now with the exceptions mentioned earlier, and I simply didn’t have a chance to do proper calculated tests. I had to sneak into university throw some forces at it and try to come to a conclusion with at best... sketchy data. It’s been incredibly frustrating after all the time spent on it to not come out with a positive and correct outcome!
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Introduction – description of project.
My role in the group was to design a motorcycle yoke. My design goal is to design a yoke with high amount of rigidity to gain a better steering input, and to add rigidity to the forks by giving the bottom yoke a greater contact patch with the forks. I also want to reduce the weight of the yoke by  changing the material of the yoke to carbon fibre reinforced aluminium because this material has a great amount of stiffness and is a very light material but still heavy than a full carbon fibre, but with the recent pandemic it lead to the university closing so I did not have all of the tools I intended to use like design studios, so I have decided to focus on design it out of aluminium and I will include a section what I intended to do.    
























Summary of the work completed 
I first started my measuring different bikes and getting average range for the parameters for a sport bike.  I then completed research on material and yoke design. I completed a solid work model ran it through Fae I then developed the yoke design. My intention was to make it out of carbon fibre reinforced aluminium because of different issues I was not able to do so.



























Research
Driving forces and braking 
I used the driving and braking forces to gain value to test my yoke design under two condition accelerating and braking to recreate different dynamic situation. I used the max driving forces and braking forces  because it gives me a figure that is way above what the actual steering yoke is taking in because these forces are for the whole motorcycle and as it get translated through the yoke and through other part of the motorcycle and ends up losing some forces as it gets translated to the yoke. This gives us a high safety factory which is good because if this was a product that was going to be released you would want a high safety factor to ensure that it has a high life cycle and so you ensure your product functions well. The formula used to solve driving and braking forces are:
Driving force

As I created my model based on general motorcycle parameters, I used figures that I previously calculated. Sd is the driving force of the motorcycle it is equal to the drag force plus the rolling resistance (cossalter, 2006). s total is the braking force and is equal to the acceleration   times the mass minus the drag force. (cossalter, 2004)

Aluminium alloy 7075 t6
I first intended to use aluminium alloy 6061 because of its high strength and it is resistant to     corrosion from natural product like atmosphere. It is also easy to work with because to responds well when machined. 6061 aluminium is composed of two main element which is magnesium and silicon. The purpose of the silicon is to reduce the melting point as the yoke will not be heated this factor does not benefit our design. The purpose of the magnesium is to add strength to the metal which will benefit our model. The reason I chose aluminium alloy is that the main alloy is zinc and has one of the highest strengths to weight ratios, so it is perfect for my model because it is perfect for the yoke because of the high strength. It has a tensile strength of 83 00 psi while the 6061 aluminium has 45 000 psi, 7075 alloy has a yield point 34 000 psi more than the 6061 alloy. It also has the shear strength of 17 000 more than the 6061 and has a strength to weight ratio of 196kn-m/kg while the 6061 has 115kn-m.kg. I decided that the 7075 aluminium alloy is significantly superior than 6061. (Clinton Aluminum, 2017)








Design
[image: ]


This was my first design of a yoke it is a basic design with general superbike parameters because I want this design to be applicable for any superbike with obvious changes to geometry of the yoke for the bike.










[bookmark: _Hlk35968436]Finite element analysis for first design- braking
displacement[image: ]
I applied a force to recreate braking conditions under a load of 2000n. as we can see in the model the most displacement is in the bottom yoke where the forks go through. This model tells us that our yoke is very rigid in all of the blue areas and the areas that are either red or yellow or green are the areas the yoke will go through so the stiffens of those area will increase and in the area where it shown to move it only move 4.163e-02  at the red parts which there are little of  and it is a small amount.
[image: ]stress 
the model used the von mises method to solve for stress in my model. Von mises is a value that is used to determine if a model will fracture or deform it is mainly used for metals and other similar materials (simscale, 2015). The model has some deformation near where the fork go through and looking at the colour of the area, I can tell that the stress is around 7.270e+06 and from the displacement we also know that the area  does not move very much. The rest of the model fine apart some of the edges are light blue which is not a far from zero so it will be fine, but we need to remember when removing weight we should keep a good distance from the edges.	This gives us a yield strength of 5.50e+08 the max stress is 1.454e+07 which gives us a high safety factor for braking.			
[image: ]strain
as we can see on the far edges we can see that the edges are light blue /green meaning that there is a higher amount or stress on those areas than the rest of the part and the centre model is blue meaning we can save weight in that area.





[bookmark: _Hlk35963276]Finite element analysis for first design- acceleration 
[image: ]displacement
under acceleration the part has the same amount of max displacement as the pervious model meaning my initial design was very rigid this is good because when we remove material, I will have confidence that I have very rigid model to begin with.




[image: ]stress
the stress value for accelerating does not influence the amount of stress the figure still stays the same because of how rigid my model is and the material strength for the 7075 aluminium alloy has a high amount of strength.



                                                                                                          strain
[image: ]
The amount of strain is still the same this confirms that we know for certain the area to take material out of  with is the centre of the blue part, we have make sure that we leave enough space on the edges because they have slightly higher amount of strain.







Development
Weight removed 

[image: ]


Weight removed

  Added 20mmm









 I made significant changes to my model by remove a weight from the top and bottom yoke in the areas my FEA showed to be blue meaning the areas with little to no stress. On the top yoke I made rectangular on each side to remove weight and to keep the structural strength of the yoke. On the bottom yoke I made a square hole to reduce a significant amount of weight and I also extended the  you can see above that I have added 20mm so when the fork tube is inserted it will decrease the amount of flex in the fork because I increased the contact area.












Finite element analysis for final design- acceleration
[image: ]displacement
After I made the changes, I ran the simulation again with the same factor and the displacement increase to 6.220e-1 this increase can be explained by the weight that I have remove but when the fork tube is inserted the fork tube will stiffen up the red, yellow and green areas. Even though the displacement has increased  it is still in the same areas as expected it slightly increased and with fact that the force applied is excessive means that if my model was made it would still stand up to all forces applied.
Stress
[image: ][image: ]The stress that was around the area where the forks where supposed to go through is no gone and has been translated to another part. The stress has increase to 2.035e+08 but our yield strength still is the same so we still have a high safety factory and in the area where it has increased is very small as we can see in my model that there are very small areas of red and the bottom you areas around where I have removed the material has seen a slight increase 
     Strain 
The Strain has seen an decrease from 1.146e-04 to 1.531e-03, this decrease can be explained by the fact that I increased the size of the bottom yoke area where the forks go through it, to give it a better contact point between the fork and the bottom yoke. We can also see that there is a small amount strain the area where I have removed material.







Finite element analysis for final design- braking
[image: ]displacement
[image: ]as we saw with the first model the displacement does not increase under braking because   and we gained the same figure and acceleration the only change was the direction where it deformed. 




Stress
[image: ]The same can we be said about the stress that there is no increase in stress the only change in the direction of the deformity of the model. 







Strain
The strain has not changed neither have the other so I would say that I have successfully removed material while keeping the structural integrity of the model.







Weight reduction

Mass1 = 1350g
Mass 2= 1080g
 I have saved a weight of 20 percent which is a good amount but if it was not for the pandemic, I would have created carbon fibre reinforced aluminium which would have decreased the weight by 30 to 40 percent.

Surface Area1 = 0.17 m^2
Surface Area2 = 0.14 m^2
As we can see the surface area has decreased because of the material we have removed.
Centre of mass1: (m)
X = 0.07
Y = 0.24
Z = 0.22
Centre of mass2: (m)
X = -0.22
Y = 0.10
Z = 0.27
 As you can see because I have removed the weight the centre of mass of the yoke has complete change. 











Review of successes and failures of the project
One failure is that I could not build my part because the university equipment lacks the temperature required to properly bond the carbon fibre and aluminium, so I could not build the yoke out of carbon fibre. Another failure is that because the university closed because of the pandemic


Conclusion
I have reached my design goal of reducing the weight by 20 percent and the make it as stiff and as rigid as possible. I have achieved a high safety factor for my design. It is a shame that I could not fully complete my assignment in carbon fibre reinforced aluminium. 
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