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[bookmark: _Toc122289072]1 Introduction 

Bradley describes motorcycle geometry as “the fixed relationships, lengths and angles that contribute to the performance and feel” (Bradly, 1996 p. 103) and goes on to say, “It is not possible to isolate one aspect of motorcycle geometry and discuss it” (Bradly, 1996 p. 104). It is therefore the combination of the effects and the interactions between them that collectively determine the performance and feel of a motorcycle. Regardless, this assignment explores geometry both in isolation and collectively to recommend changes in two production motorcycles – Ducati Panigale 1199s and KTM 350 EXC-f.



[bookmark: _Toc122289073]2 Motorcycle Geometry 

[bookmark: _Toc122289074]2.1 Wheelbase

Wheelbase is the distance measured between the contact patches of front and rear tyre (Cossalter, 2006 pg4) (Fig 2.1). A motorcycle’s wheelbase typically has a small adjustable length of around 20-40mm to allow for different sized sprockets and chain tensions (Bradley, 1996, pg104). A longer wheelbase will increase the overall stability of the bike in a straight line through the reduction of weight transfer under acceleration and braking (Bradley, 1996 p.107). However, a longer wheelbase will reduce the bike’s turning radius and increase the effort and time required to turn the bike into a corner (Cossalter, 2006 p.5). 
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Fig 2.1: Wheelbase measurement (image annotated from Pearson, 2022)


[bookmark: _Toc122289075]2.2 Rake and Trail

The rake and trail measurements are often given together since rake influences trail; both influence the motorcycle’s ability to steer and stability in steering (Foale, 2002 p3-1, p3-5).  The rake is the angle between the line drawn through the centre of the headstock and a vertical line through the spindle of the front wheel perpendicular to the road plane (Fig. 2.2). The trail is the distance from the front contact patch to the point where the steering axis intersects the road plane. As the rake angel increases, so does the trail length and these values change when the bike is use (Bradley, 1996 p.110). 

[image: A picture containing transport, bicycle

Description automatically generated]





















Figure 2.2 Rake and Trail measurements (image annotated from Pearson, 2022)


The trail area, where the tyre has contact with the road plane, creates a castor or self-centring effect (Foale, 2002 p3.1) which helps to provide stability and a return of wheel alignment (Bradley, 1996, p.112). Similarly, to wheelbase, as the length of the trail is increased, so will stability, but the motorcycle’s ability to turn is impeded. (Please see Appendix 1 for Trail formula). 

In most production bikes there is little to no adjustment in the rake and trail beyond raising or lowering the forks and the rear end of the bike. Lowering the front forks increases the rake angle, trail distance and lengthens the wheelbase (Bradley, 1996 p.120). The opposite results are achieved by raising the forks.  Similarly, by raising the rear of the bike, the rake angle is reduced as is the trail and the wheelbase.

Racing bikes can also adjust rake and trail with different triple clamps with different offsets, or with different inserts the change the size of the offset (Fig. 2.3). 
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Fig. 2.3: Triple clamp with variety of offset inserts (Officine IMA Special Parts, 2020)




[bookmark: _Toc122289076]2.3 Centre of Gravity 

How mass is distributed throughout a motorcycle has a significant impact on how the motorcycle looks and performs (Bradley, 1996 p.123). In physics, centre of gravity (CoG) is defined as the position in an object where its total mass is concentrated (Gregerson, E. et. al. 2022). Therefore, CoG in a motorcycle is dependent on where its components, the rider and their masses are located (Cossalter, 2006 p.79). 

[bookmark: _Toc122289077]2.3.1 Measuring Centre of Gravity

The CoG position in a 3-dimensional object lies on an   and  coordinate from its central plane.  A top-down view of most motorcycles will highlight they are typically symmetrical either side of the centre plane, so only an   and  coordinate is required (Bradely, 1996 p.125). To find CoG coordinates, measurements are taken in two positions:

1. [image: A picture containing text, transport, motorcycle

Description automatically generated]Level without/ without rider: The bike is put on scales, one under each wheel. and the load over each wheel recorded. This is repeated with a rider (Fig 2.4).

Fig 2.4: Measuring CoG ‘level with rider’

2. Lifted without/ without rider: A bike stand is placed on the scale under the rear wheel to lift the bike. The rear scale is reset to zero to eliminate the weight of the stand. The load over each wheel is recorded. This is repeated with a rider on the bike (Fig 2.5).
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Fig 2.5 Measuring CoG “raised with rider”


For CoG calculations, please see Appendix 2.


[bookmark: _Toc122289078]2.4 Squat

The transfer of load around a motorcycle’s CoG causes the bike to pitch and change height, or ‘squat’ and ‘dive’ (Foale, 2002 p.9-4). ‘Load’ refers to the sum of all the forces acting on the bike – acceleration, braking, aerodynamic forces, torque reaction from acceleration and the ‘attitude’ of the bike (Foale, 2002 p.9-1).

When power is applied, the front sprocket turns anti-clockwise pulling the chain in a forward motion turning the rear sprocket (Fig.2.6). This force wields a “turning effect” on the swing arm (Bradley, 1996 p.158). Figure 2.6 demonstrates how this turning effect differs depending on the position of the rear axle in relation to the swing arm pivot. In part i) of Figure 2.6, the rear axle is higher than the swing arm pivot. The force from the chain under acceleration lifts the swing arm causing the rear suspension to compress. This is known as ‘squat’. In part ii) of Figure 2.6, the swing arm is pulled down by the chain because the rear axle is lower than the swing arm pivot. This force expands the suspension which transferring more force to the front of the bike.  This is known as ‘anti-squat’. Note the position of the swing arm pivot in relation to the front sprocket centre in ii) Fig 2.6. When it is higher like this, it increases the anti-squat effect. 
Swing Arm Pivot
i)
ii)
Rear Axle
Figure 2.6 Turning effect on swing arm
 (image annotated from Team BHP, 2020)























The Instantaneous Force Centre (IFC) is the point where chain and swing arm forces act and is where the chain line and swing arm line cross (Foale, 2002 p.9-14) (Fig. 2.7). If a horizontal line at the road plane is considered 0% anti-squat, then 100% anti-squat is the horizonal line from the CoG intersecting a vertical line drawn through the front axle (Fig. 2.7). The actual squat value of the bike requires a line drawn from the rear contact patch through the IFC. The point where this line intersects the vertical line through the front axle, provides the anti-squat value of the bike (Fig. 2.7).  If this point is higher than 0%, then the bike is set up to provide anti-squat. Anything below 0% is known as pro-squat, which is the opposite effect.
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Fig. 2.7 Squat lines (image annotated from Pearson, 2022)

Drag bikes require lots of immediate forward force and traction on the rear wheel so these bikes have swing arms are commonly configuring like Fig.2.6 i). Sports bikes need more anti-squat for cornering and exiting corners to keep the front end of the bike down and in contact with the road. 






[bookmark: _Toc122289079]2.5 Resistance to Motion (RtM)

 “As long as the driving force exceeds the total resistance, the bike can accelerate.” (Bradley, 1996 p.163). Total resistance is a combination of three sources – aerodynamic drag, rolling resistance and resistance due to gravity.

2.5.1 Aerodynamic Drag 

Drag is in direct opposition to the forward motion of the motorcycle and generates the strongest resistance force. 


[bookmark: _Toc122289080]2.5.2 Rolling Resistance 

The resistance from this force is much less than aerodynamic drag and is the sum of everything except the aerodynamic force which the motorcycle must overcome (Bradley, 1996 p.169). This is essentially the weight of the bike over the wheels and tyres, and any resistance from bearings or mechanical elements. Tyre type and pressure greatly affect this force. 

[bookmark: _Toc122289081]2.5.3 Resistance Due to Gravity (rolling resistance)

Rolling resistance is the effect of gravity on the motorcycle as it travels up or down a slope. More driving force is required to overcome the force acting in the opposite direction when travelling up a slope.


(see Appendix 3 for formulae)
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The following section presents a case study of two different production motorcycles and compares them to their racing equivalent (Table 3.1). Physical measurements of the production motorcycles were taken and are presented in the attached MS Excel document, referred to in this assignment as ‘DataBook’.  Calculations of the racing equivalents are estimates based on information available in the public domain and schematic drawings made by the author. 


	Production Motorcycle
	Racing Equivalent

	[image: Logo
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	[image: Logo
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Pramac Factory Ducati
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	[image: Logo
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  KTM Rally Replica



Table 3.1 Case Study Motorcycles



[bookmark: _Toc122289083]3.1 Ducati 1199 Panigale s

The Ducati Panigale is a 1198cc V-twin superbike released in 2012. While this bike can be ridden on the road, its geometry, riding position and aerodynamic design are suited to road racing.

[bookmark: _Toc122289084]3.1.1 Centre of Gravity















Fig. 3.1 Panigale CoG measurements (image annotated from Beeler, 2020)


Sitting on a wheelbase of 1.4m, typical for a road racing bike (Bradley, 1996 p.108) the Ducati’s CoG is forward bias without a rider and balanced with a 72kg rider (Fig 3.1 & Table 3.2).
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Table 3.2: CoG Bias of Panigale






[bookmark: _Toc122289085]3.1.2 Rake & Trail

With a rake angle of 23 and trail length of 87mm, the Panigale exhibits typical dimensions seen in road racing bikes (Bradley, 1996 p.113) (Fig. 3.3). 
Fig. 3.3 (image annotated from Beeler, 2020)
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The Panigale’s rear axle sits just below the height of the swingarm pivot giving it an anti-squat position. It is at 100% anti-squat at 523mm, therefore at 634mm it is considered 121.4% anti-squat (Fig. 3.4).

Fig. 3.4 Panigale Squat Measurements (image annotated from Beeler, 2020)

















[bookmark: _Toc122289087]3.1.4 Resistance to Motion (RtM)

The top speed of the Panigale at 12,000rpm in 6th gear is 334.93 km/h, which requires a driving force of 1,827 N (Fig. 3.5). 
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Fig. 3.5 Driving Force vs Road Speed of Ducati Panigale

Assuming the road plane is level, with a frontal area of 0.33 m^2 (Fig. 3.6) there is 1,000.01Nm of drag resistance and 50.99 Nm of rolling resistance, giving a total 1,051 Nm of RtM. 

Ducati Panigale 1199
Frontal Area 0.33 m^2













Fig. 3.6 Panigale Frontal Area for calculating drag




The driving force required to reach this top speed is 1,827 N (Fig. 3.7). As the driving force exceeds the RtM, the Panigale would be able to achieve its top speed on a 0 - 17 road plane. 
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Fig. 3.7 Ducati Driving Force across 6th Gear vs Resistance to Motion



See DataBook ‘Ducati Panigale’ & ‘Resistance to Motion Calc’ tabs for detailed calculations.
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The 2022 350 EXC is a mid-sized four stroke enduro bike. They are distinctively tall with a Progressive Dampening System (PDS) rear suspension for greater ground clearance. 

[bookmark: _Toc122289089]3.1.1 Centre of Gravity
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Fig. 3.8 KTM EXC-f CoG measurements (image annotated from Pearson, 2021)


The wheelbase of the EXC at 1.5m is slightly longer than a typical enduro bikes (Bradley, 1996 p.108) (Fig.3.8). The CoG on the KTM EXC is rear bias both with and without a rider weighing 87kg (Table 3.3).
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Table 3.3 CoG Bias of KTM EXC-f 









[bookmark: _Toc122289090]3.1.2 Trail & Rake

The EXC’s rake and trail values are much higher than the Ducati (Fig. 3.9).
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[bookmark: _Toc122289092]Fig. 3.9 KTM EXC Rake and Trail (image annotated from Pearson, 2021)






[bookmark: _Toc122289093]3.1.3 Squat

The EXC’s has 100% anti-squat position at 605mm and its squat value at 809mm give is 147% anti-squat.  (Fig. 3.4)
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Fig. 3.10 KTM EXC Squat Measurements (image annotated from Pearson, 2021)





[bookmark: _Toc122289094]3.1.4 Resistance to Motion 

The top speed of the EXC at 11,500rpm in 6th gear is 169.91 km/h, which requires 699 N of driving force (Fig 3.11).
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Fig. 3.11 Driving Force vs Road Speed of KTM

Assuming the road plane is level with a frontal area of 0.49 m^2 (Fig. 3.12) there is 636.93 Nm of drag resistance and 39.38 Nm of rolling resistance, giving a total 676.31 Nm of resistance to motion (Fig. 3.13) 
[bookmark: _Toc122289095]KTM 350 EXC-f
Frontal Area 0.49 m^2
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Fig 3.12 KTM EXC-f Frontal Area for calculating drag
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Fig. 3.13 Driving Force across 6th Gear vs Resistance to Motion

As the driving force exceeds the resistance to motion, the KTM would be able to achieve its top speed on a perfectly level road plane. However, just 1 of incline would add 34.36 Nm of resistance and the bike would not achieve its top speed.

(see DataBook ‘KTM 350 EXC-f’ & ‘Resistance to Motion Calc’ tabs for detailed calculations)




[bookmark: _Toc122289096]3.3 Pramac Factory Ducati

Figures 3.14 & 3.15 contain estimated measurements for rake, trail and squat based a calculated wheel radius of 297.65mm.





















Fig. 3.14 Pramac Ducati Rake & Trail estimates (image annotated from Caregnato, 2022)




















Fig. 3.15 Pramac Ducati Squat estimates (image annotated from Caregnato, 2022)




	Metrics
	Ducati Panigale
	Pramac Ducati

	Wheelbase
	1437mm
	1,580mm

	Rake
	23.87
	24.32

	Trail
	86.75mm
	111.69mm

	Squat Height
	634.94mm
	736.73mm

	IFC Angle
	23.84
	25

	Seat Height
	803mm
	825mm



Table 3.4 Comparisons between Ducatis

Table 3.4 shows the Pramac Ducati has a significantly longer wheelbase, which will provide more stability and drive in a straight line but make it harder to corner. The Pramac’s rake angle is only slightly higher, but it has a much bigger trail length than the Panigale. This will help the bike through corners and on exit and could compensate for negative effects of the longer wheelbase. The anti-squat height is some 100mm higher than the Panigale which, depending on the CoG of the Pramac, could provide greater anti-squat and again compensate for any losses from the extended wheelbase. Finally, Fig.3.16 shows the frontal area of the Pramac to be significantly larger. This is likely mostly due to the additional aerodynamic wings on the Pramac which increase down force. 
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Description automatically generated]Fig.3.16 Comparison of Ducatis’ frontal area
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Figures 3.17 and 3.18 show the estimated measurements of the KTM Rally Replica based on a published wheelbase of 1482mm.






















Fig. 3.17 KTM Rally Rake & Trail






















Fig.3.18 KTM Rally Squat Measurements
	Metrics
	KTM EXC-f
	KTM Rally Replica

	Wheelbase
	1500mm
	1,482mm

	Rake
	28.32
	28.59

	Trail
	122mm
	110mm

	Squat Height
	890mm
	859mm

	IFC Angle
	30
	30

	Seat Height
	949mm
	934mm



Table 3.5 Comparisons between KTMs

There are very few differences in the geometry of the two KTMs. The biggest difference is in frontal area (Fig.3.19). This is due to the additional requirements for the Dakar Rally - front fairing and screen, and larger front and rear fuel tanks. 
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[bookmark: _Toc122289099]5 Recommendations


[bookmark: _Toc122289100]5.1 Ducati Panigale

The following recommendations are based on the key differences between the two Ducatis:

· Seat height – raise slightly to increase the YCoG and the anti-squat value with a view to gaining additional front-end stability in cornering.
· Wheelbase – lengthen to improve stability and drive at launch and in the straights
· Rake angle - Increase slightly to lengthen the trail and improve corner exiting stability.

[bookmark: _Toc122289101]5.2 KTM EXC-f

There is very little to suggest based on the comparison of geometry between the two bikes. There is scope to shorten the wheelbase and lower the seat height on the EXC to bring the YCoG down slightly for better handling. The main recommendation, however, would be to build the EXC into a rally-ready bike by adding rear fuel tanks, bigger front tank, rally fairing, screen and roadbook mount. Then repeat the geometry calculations to understand how EXC compares to the Rally with the additional load over the wheels. Further recommendations can then be made.
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[bookmark: _Toc122289104]Appendix 1: Trail Formula


Trail = 

Where,

 = radius of front wheel in mm
 = rake angle in degrees
 = triple clamp offset in mm


[bookmark: _Toc122289105]Appendix 2: Centre of Gravity Formulae


Data required:
· = Wheelbase in (m)
·  = Average wheel radius (m)
·  = Lifted angle (°) - (for lifted position only)
· Stand height (m) - (for lifted position only)
·  = load over the rear wheel (kg)
·   = Load over the rear wheel when bike is lifted
·  = Total weight of motorcycle


To calculate the lifted angle  use the following equation: 
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To calculate the  coordinate with and without the rider: 
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To calculate the  coordinate with and without the rider:


Once you have   /  coordinates for CoG, you can calculate the percentage split of the load on the front and rear of the motorcycle (known as ‘bias’).  To calculate the % of load on the front and rear, use: 

Front


Rear







[bookmark: _Toc122289106]Appendix 3: Resistance to Motion Formulae

Data required:

 	= Density of Air (1.167 kg/m^3 @ 20 and 987 mbar)
 	= Drag Coefficient 
 	= frontal area (m^2)
 	= velocity (m/s)
 	= total mass of bike (kg)
 	= gravity (9.81 m/s^2)
	= angle of road plane (



Aerodynamic Drag Force () in Nm





Rolling Resistance ( in Nm






Road due to gradient (Road Plane) () in Nm



















[bookmark: _Toc122289107]Appendix 4: Ducati Panigale Centre of Gravity Calculations*

*Also available in DataBook ‘calculations’ tab
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