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The chassis geometry, mass distribution and drive-train characteristics have a strong bearing on motorcycle handling and performance. Such parameters like wheelbase, steering rake, trail and centre of gravity (CG) location determine stability, agility and rider confidence in various operating conditions. Moreover, the top possible speed and the constraint on the motorcycle speed may be gearing or the high speed resistance force, depending on the available engine power.
This research is aimed at examining the geometry of the motorcycle and its effect on the dynamic handling properties based on measured and vendor-provided data. In this paper, two motorcycles that are highly differentiated in their uses are compared the Buccimoto F20SM, which is a compact motorbike in a motard style, and the Ducati Panigale V4, a high-performance superbike. Their centre of gravity positions and geometrical features are compared and analysed. Theoretical and realistic maximum speed calculated with references to aerodynamic and rolling resistance is then calculated using gear ratios and engine performance data of the Ducati Panigale V4.
To put these results in a broader design context, two additional contemporary motorcycles of design, Kawasaki Ninja ZX-10RR, a World Superbike-inspired design, and KTM 450 Rally Replica, a rally-raid and off-road competition motorcycle, are considered. Lastly, it finally gives recommendations on possible geometry changes that can enhance the handling properties of the motor cycles examined.
Everything was calculated in Microsoft Excel and all the assumptions are clearly mentioned. In cases where data of direct measurements could not be taken, rational engineering assumptions were made relying on already available literature and similar motorcycle designs. 

[bookmark: _Toc216579329]2. Geometry Analysis of Measured Motorcycles
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Figure 0: Schematic diagram illustrating key motorcycle geometric parameters including wheelbase, steering rake, trail, seat height, and centre of gravity location, used to define the geometric quantities analysed in this study (adapted from Foale, 2006).

[bookmark: _Toc216579330]2.1 Geometry Data Overview
Table 1 summarises the significant geometric parameters of all the four motorcycles examined. These are wheelbase, steering rake (measured vertically) and trail. Where possible manufacturer technical documentation was utilised and where data are not published assumptions have been used. 
Table 1: Geometry of Analysed Motorcycles
	Parameter
	Buccimoto F20SM
	Ducati Panigale V4
	Kawasaki ZX-10RR
	KTM 450 Rally Replica
	Units

	Wheelbase
	1190
	1469
	1450
	1520
	mm

	Rake (from vertical)
	25*
	24.5
	25
	27.5**
	degrees

	Trail
	80*
	100
	105
	–
	mm


Table 1 demonstrates that the motorcycles have very different geometric layout which is related to their specific purposes. The Buccimoto F20SM has the shortest wheelbase and least aggressive trail, is agile, and the KTM 450 Rally Replica has the longest wheelbase and the loosest steering geometry, and is more stable in a straight line than when off-road. 
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The Buccimoto F20SM is a small-capacity motard-style motorcycle, which is used on tight circuits and low-speed manoeuvrability. The information offered by the official manufacturers gives a wheelbase of 1190 mm which is very short as compared to full-size road motorcycles. The steering rake and trail values are not released, thus, the steering rake and trail values of 25deg rake and 80 mm trail were assumed, using similar mini-motard motorcycles with the same wheelbase and wheels.
Table 1 revealed that the short wheelbase is very effective in minimising the yaw moment of inertia resulting in quick change of direction and prompt steering reaction. This geometry is highly appropriate in a setting where one needs to change direction frequently i.e. in kart races or in urban riding. Nonetheless, the same attributes lower stability in high-speed performance because shorter wheelbases make the vehicle more susceptible to turbulence like brake as well as throttle signals and road surface anomalies (Foale, 2006).
The supposed rake / trail values give a trade off between nimbleness and stability. A steeper rake makes the steering effort lower and more responsive and small trail makes the front wheel overly self-centering. In the case of a motorcycle of this weight and mission, such a balance is correct.

[bookmark: _Toc216579332]2.3 Ducati Panigale V4 Geometry
The Ducati Panigale V4 is a superbike crafted on a high-performance platform to be able to maintain a steady state at extremely high speeds and retain the accurate steering nature of the bike. Ducati produces geometry information in some detail, which was also utilised in this analysis. Table 1 indicates that the Panigale V4 is 1469 mm long in wheelbase, 24.5deg in its rake angle, and 100 mm in its trail (Ducati Motor Holding, 2022).
The Buccimoto F20SM has a shorter wheelbase than the Panigale, which means that the longitudinal stability of the Panigale is greater, and it is less sensitive to rapid weight transfer when braking and accelerating. The augmented trail advances the self-aligning torque of the front wheel that amplifies the straight-line stability and offers a uniform steering feedback at high-speed cornering (Cossalter, 2006).
This is in spite of the fact that the rake angle is rather steep to have a motorcycle this large, but the wheelbase, trail, and mass distribution make it stable at high racing speeds. This is a result of the Ducati design emphasis in the performance of its bikes on the track, and in which such performance requires predictability in handling at the extreme conditions. 

[bookmark: _Toc216579333]2.4 Centre of Gravity Estimation
The longitudinal position of the centre of gravity is a critical factor in motorcycle dynamics which determines its braking behaviour, corner entry stability and traction during acceleration. Because of the unavailability of axle loads, CG positions were determined via estimated values of the assumed weight distributions of typical motorcycle layouts.
The assumptions that used are as follows:
· Buccimoto F20SM: 50/50 (front/rear) weight distribution.
· Ducati Panigale V4: 52/48 weight distribution.
These are the same assumptions as those normally quoted in compact motorcycles and contemporary high-performance sport motorcycles (Foale, 2006; Cossalter, 2006).
CG position was computed longitudinally by use of:
xCG = (Wf / Wt) L
Wf/Wt/L where Wf is the load on the front axle, Wt is the total weight and L is the wheelbase: the CG positions were determined in Excel. The findings are given in Table 2. 
Table 2: Estimated Centre of Gravity Location
	Parameter
	Buccimoto F20SM
	Ducati Panigale V4
	Units

	Wheelbase
	1190
	1469
	mm

	Assumed front weight distribution
	50
	52
	%

	CG distance from rear axle
	595
	764
	mm

	CG position as % of wheelbase
	50
	52
	%


Table 2 indicates that the CG position of Buccimoto F20SM is about 595 mm behind the rear axle or half of its wheelbase. The CG position of Ducati Panigale V4 is around 764 mm, which is around half of the wheelbase, against the rear axle. This position of the Panigale frontal CG is more aggressive, and this aspect enhances front tyre loading during braking and corner entry, which promotes high-speed stability and steering accuracy. 

[bookmark: _Toc216579334]3. Gearing, Power, and Maximum Speed Analysis
[bookmark: _Toc216579335]3.1 Transmission and Tyre Data
The Ducati Panigale V4 was chosen to be tested at maximum speed because transmission data are available in detail. Ducati technical documentation provided the following gear ratios, primary drive ratio, and final drive ratio and were introduced in Microsoft Excel. The same tyre size (200/60-17) was taken as an approximation to the rolling circumference, with negligible deformation of the tyre.
Calculation of theoretical vehicle speed in each gear was done using a 14,500 rpm engine speed. These findings are summarised in Table 3 and the change in theoretical speed with gear is shown in Figure 2. 
Table 3: Ducati Panigale V4 Gear Ratios and Theoretical Speeds 
	Gear
	Gear ratio
	Overall ratio
	Wheel speed at 14,500 rpm
	Theoretical speed
	Units

	1
	2.40
	11.07
	1310
	166.4
	km/h

	2
	2.00
	9.22
	1572
	199.7
	km/h

	3
	1.74
	8.03
	1805
	229.4
	km/h

	4
	1.52
	7.02
	2065
	262.6
	km/h

	5
	1.36
	6.29
	2305
	293.1
	km/h

	6
	1.23
	5.68
	2554
	324.36
	km/h




Figure 2: Power Required versus Vehicle Speed
According to Table 3 and Figure 2, the maximum speed in 6 th gear is theoretically 324.36 km/h. This value is the maximum speed that can be gered out, with no losses and enough power to overcome resistive forces. 

[bookmark: _Toc216579336]3.2 Resistive Forces and Power Requirement
The aerodynamic drag and rolling resistance dominate motorcycle performance at high speed. The standard equation of drag was used to compute aerodynamic drag force:
Fd = (½) ρ CdA v2
where ρ is air density, CdA is the combined drag coefficient and frontal area, and v is velocity.
Rolling resistance was calculated using:
Frr = Crrmg 
The total resistive force was then multiplied by velocity to determine the power required to maintain a given speed:
P = (Fd + Frr).v
All the calculations were performed in excel and the results are shown in Table 4. The relationship between power and speed is presented in Figure 1. 
Table 4: Resistive Forces and Power Requirement (Ducati Panigale V4)
	Speed
	Drag force
	Rolling resistance
	Total force
	Power required
	Engine power
	Wheel power

	20
	85.75
	29.21
	114.96
	2.30
	158.5
	142.65

	30
	192.94
	29.21
	222.15
	6.66
	158.5
	142.65

	40
	343.00
	29.21
	372.21
	14.89
	158.5
	142.65

	50
	535.94
	29.21
	565.15
	28.26
	158.5
	142.65

	60
	771.75
	29.21
	800.96
	48.06
	158.5
	142.65

	70
	1050.44
	29.21
	1079.65
	75.58
	158.5
	142.65

	80
	1372.00
	29.21
	1401.21
	112.10
	158.5
	142.65

	85
	1548.86
	29.21
	1578.07
	134.14
	158.5
	142.65

	86
	1585.52
	29.21
	1614.73
	138.87
	158.5
	142.65

	87
	1622.60
	29.21
	1651.81
	143.71
	158.5
	142.65

	88
	1660.12
	29.21
	1689.33
	148.66
	158.5
	142.65

	89
	1698.06
	29.21
	1727.27
	153.73
	158.5
	142.65

	90
	1736.44
	29.21
	1765.65
	158.91
	158.5
	142.65




Figure 1: Theoretical Vehicle Speed per Gear
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Although the gearing analysis shows that the theoretical point of maximum speed was 324.36 km/h, this number is based on the assumption that there is enough power at the rear wheel that can accelerate over all the resistive forces. Practically, the aerodynamic drag is proportional to the square of speed and the force necessary to overcome the drag is proportional to the cube of speed. Consequently, motorcycles frequently become power-bound to a lower speed before they attain the gearing-bound maximum speed.
According to the model of resistive force outlined above, the force required to sustain vehicle speeds of 20 m/s to 90 m/s was determined using the Microsoft Excel. Peak power of the Ducati Panigale V4 is 158.5 kW at the engine and it is assumed that the drive train will be 90% efficient, giving the power available at the wheel of about 142.65 kW. This assumption of efficiency fits well with normal values on highly performing chain-drive motorcycles (Cossalter, 2006).
Table 4 shows the calculated values of aerodynamic drag force, rolling resistance, total resistive force and required power and Figure 1 shows the correlation between the power required and speed. Figure 1 illustrates that the power needed also rises exponentially as the speed increases as it is primarily aerodynamic drag at elevated speeds.
The power needed will be about 112.1 kW at 80 m/s (about 288 km/h) and it is considerably less than the power available with the wheel. But the more the speed, the more the power demanded, until it is near or beyond the power of the wheel. The wheel power limit is crossed between 86 m/s and 87 m/s.
A linear interpolation was made between the two points to arrive at the speed at which the required power matches the available power on the wheel. This method is suitable as the speed interval is small, and the change in power is almost linear in this range. Power-limited maximum speed was then determined as: 
· Power-limited maximum speed: ≈ 86.78 m/s (≈ 312.4 km/h)
This is far less than the gearing-limited speed of 324.36 km/h, and by the prescribed assumptions the Ducati Panigale V4 is powered-limited and not gearing-limited. This is normal when it comes to the modern superbikes in which the aerodynamic drag eventually limits the top speed despite the tall gearing and high engine power (Foale, 2006). 

[bookmark: _Toc216579338]4. Handling Characteristics and Dynamic Behaviour
[bookmark: _Toc216579339]4.1 Buccimoto F20SM Handling Characteristics
Table 1 demonstrates that the Buccimoto F20SM has a compact geometry and a short wheelbase that dictates its handling behaviour. The wheelbase is short and the steering rake is rather steep which allows the motorcycle to have rapid steering response and low steering effort resulting in the motorcycle being very agile at low to moderate speeds.
This design is quite suitable to the crowded spaces where there is a heavy need of direction changes. Nevertheless, the small trail and smaller wheelbase are also a detriment to straight-line stability at higher velocities. The reduction in self-alignment of the torque of the front wheel towards the lower makes the motorcycle more susceptible to the rider inputs and road impediments, specifically during the braking or sudden throttle body movements.
The approximate position of the centre of gravity, which was obtained in Table 2, is near the centre of the wheelbase. This compromise mass-distribution provides front-end loading has restricted capability but allows a balanced handling. This would mean that the Buccimoto F20SM would then be prone to vibrant and responsive behaviour with low stability as opposed to bigger motorcycles that are meant to be used at high speeds. 
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The Ducati Panigale V4, on the other hand, is set up to offer stability and predictability at extremely high speeds without sacrificing accurate steering behaviour. Taking into consideration Table 1, the longer wheelbase and higher trail of the Panigale also contribute greatly to the straight-line stability and less sensitivity to disturbances.
The wider trail enhances the self-centring behaviour of the front wheel which is a part of stabilisation when braking and entering high-speed corners. Also, the forward-biassed centre of gravity point illustrated in Table 2 enhances loading of the front tyre that enhances grip and steering feedback during dynamic conditions.
The geometry of the Panigale makes it less nimble at low speed than the Buccimoto, but this is a purposely made sacrifice. Its design is designed to be a high-speed cornering motorcycle with braking stability, which can be used on a racing circuit, and in high-performance road riding (Ducati Motor Holding, 2022). 
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The comparison of Buccimoto F20SM and Ducati Panigale V4 indicates the close correlation between geometry and the purported usage. The Buccimoto focuses on agility and responsiveness and the Panigale focuses on high-speed stability and control.
During braking, the longer wheelbase and front CG position of the Panigale means the load transfer is smoother and the pitching is minimised as compared to the Buccimoto. The greater trail and mass distribution during cornering makes the Panigale exhibit predictable steering behaviour compared to the Buccimoto, which is quicker responding but less stable. These variations illustrate the way in which the motorcycle geometry has to be adapted to the anticipated operation conditions. 
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The Kawasaki Ninja ZX-10RR is a derivation of a World Superbike based on circumstantial racing. According to the manufacturer technical specifications, the car has the following technical characteristics: the wheelbase is about 1450 mm, the rake angle is about 25deg, and the trail is about 105 mm, which are summarised in Table 1 (Kawasaki Motors Europe, 2023).
The geometry offers a balance between the stability and agility. The length of the wheelbase is sufficient to allow the vehicle to remain stable in a high-speed braking and acceleration, and the trail value gives the vehicle good feedback at the front end when cornering aggressively. The ZX-10RR puts a bit more emphasis on stability than the Ducati Panigale V4, which is consistent with the requirements of high-speed racing over an extended period.

[bookmark: _Toc216579344]5.2 KTM 450 Rally Replica
The KTM 450 Rally Replica is a rally-raid car and a stable ride in rough areas and at a constant speed on the loose ones is essential. According to manufacturers, the wheelbase is about 1520 mm and the steering head angle is 62.5deg relative to the horizontal that translates into a 27.5deg rake relative to the vertical (see Table 1) (KTM Factory Racing, 2023).
The long wheelbase and slack steering geometry gives the vehicle great straight-line stability and minimises the chance of instability on unstable surfaces. Although this design makes it less agile, this type of geometry is extremely efficient in endurance riding over a diverse terrain, which showcases how geometry should be adjusted to fit a performance need. 

[bookmark: _Toc216579345]6. Handling Improvement Recommendations
According to the analysis given, there are geometry-related modifications that would enhance handling features.
In the case of Buccimoto F20SM, a small trail value that would be realised by lessening the fork offset or steering geometry would enhance straight-line stability, without overly impair agility. In addition, a small forward movement of the centre of gravity would improve the front-end grip during braking.
In the case of the Ducati Panigale V4, the handling behaviour can be adjusted by small ride-height changes, which are an effective way of tuning. Raising the rear ride height would lower the effective rake and trail, enhancing turn in behaviour in the tight circuits, and lowering rear ride height would raise stability in the high-speed circuits. The adjustments are also typically applied in performance motorcycle and can be fine-tuned without significant chassis alteration (Foale, 2006). 
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This study has revealed the importance of geometry, mass distribution, and the nature of the drives on motorcycle handling and performance. Comparison of Buccimoto F20SM and Ducati Panigale V4 indicates how the wheelbase, rake, trail, and position of the centre of gravity are optimised based on extremely different performance goals.
The analysis of gearing and resistive force of the Ducati Panigale V4 proves that the performance of the bike, though theoretically having a high top speed, is finally determined by the aerodynamic drag. It can be further compared with the modern motorcycles like the Kawasaki ZX-10RR and KTM 450 Rally Replica to show that the geometry has to be adjusted to fit into the particular riding conditions and performance demanded.
Generally, the research validates the notion that the design of a motorcycle should be done carefully by considering the geometry of the motorcycle, mass distribution, and the features of the powertrain to come up with the balance in agility, stability and performance that is desire .
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