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Abstract 
This paper aims to analyse the most influent component mode shapes on the dynamic properties of a 

whole motorbike frame. Experimental and numerical modal analyses have been carried out on chassis, 

swingarm, engine, wheel and different subsystems of increasing complexity. The component global modes 

shapes are traced from component to assembly with both Modal Assurance Criterion. The most influent 

mode shapes of each component are highlighted and their effects on the global motorbike dynamics are 

discussed. The component to assembly method results to be a preliminary tool to have an objective 

evaluation of the most important modes of components on which possible improvements can be 

suggested. 
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1 Introduction 

The study of the dynamic behaviour of a motorbike has some fundamental differences with respect to the 

much more studied automobile dynamics. Motorcycles are inherently unstable and they move in three 

dimensions, instead an automobile largely moves in two dimensions. Hence, the primary target of a 

motorbike design is to avoid that its instability occurs during normal functionality. Relevant effects on the 

motorbike dynamics take place when motorbikes are cornering at large roll angles because the motion of 

the tyres is no longer in plane with the suspension system. During this phase, the main components, like 

chassis and swingarm, significantly affect the global dynamic response of the system. In these 

circumstances also the joints that connect the several components, as the rear shock absorber, play a 

fundamental role, since their stiffness strongly influence motorbike stability and also durability and 

integrity of tyres. Currently, the dynamic performance of a motorbike chassis is evaluated only through on 

road tests necessary to have bikers’ feedbacks. 

In the last decades, many authors developed mathematical models with rigid bodies to simulate the 

dynamic behaviour of motorcycles. Flexible elements to simulate the frame are implemented in [1]. In 

particular, the wheel has a predominant effect on the global dynamics. The multibody approach is used in 

[2] where a rigid multibody model of the motorbike is developed and simulations results under sudden 

braking and impacts with curbs were compared to the experimental ones, in order to characterise the 

intrinsically unstable behaviour of the motorcycle. Moreover, flexible body models were assumed for the 

rear swingarm and for the body, comparing the results with the rigid body model. Using the same 

manoeuvres, also the dynamic response of the rear shock absorber and vibration response and drivability 

of the motorbike were studied. 

Lake et al. [3] propose an historical overview on motorcycle dynamics highlighting that its behaviour is 

described by three physically significant modes at low frequency. They are related respectively to: 

motorcycle instability (capsize), global side-to-side motion of the entire vehicle (weave) and rotation of 

the front frame relative to the main frame (wobble). The impact of the chassis flexibility on fundamental 
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modes is also presented; the material properties of chassis and swingarm influence the fundamental 

modes. 

The frame is usually an important part of any two wheeler and it should be strong enough to support loads, 

twist, vibrations and other stresses acting on the vehicle. It is like a skeleton upon which parts like gearbox 

and engine are mounted. Therefore, the chassis should not buckle on uneven road surfaces. A numerical 

modal analysis was performed on two models of two-wheeler chassis [4-5], trying to reduce undesired 

vibrations and obtain a satisfying weight reduction improving material, while in [6] Dixit et al. performed 

a numerical modal analysis on a rear swingarm, trying to understand and to model its structural dynamics. 

The numerical results, calculated under different load variations, were used as basic for an optimisation 

process of the component through hardening treatment, in order to increase the strength and to improve 

the suspension arm life. 

The numerical model has been updated and its correlation with the experimental results is quite good. The 

main aim of this paper is to trace the whole motorbike dynamics, moving from component to assembly. 

The method is applied both numerically and experimentally to compare the results. 

The paper is organised as follow: in §2 the experimental and numerical analysis on component and 

assemblies are presented, with relative comparisons. In §3 the component mode shapes are traced from 

component to assembly; the influence of the components is discussed. Finally, some considerations 

regarding the most influent modes and their impact on motorbike performance are presented. 

2 Experimental and numerical modal analysis 

The motorbike, object of this research activity, is developed and produced by Mahindra Moto3 Racing 

Team for the World Championship of 2017. Only the main structural components were studied: chassis 

(Fig. 1, a), swingarm (Fig. 1, c), engine (Fig. 1, b) and rear wheel (Fig. 1, d). Two subsystems (Fig. 1, e 

and f) and the complete assembly (Fig. 1, g) are also analysed in order to describe the whole motorcycle 

dynamics moving from component to assembly. The interaction with the tyre and pavement is neglected. 

The chassis and the swingarm are two boxes structures in aluminum alloy, made up of several parts 

connected through welding points. The internal cavities are used for electronic cables and lubricant oil. 

The wheel is made of magnesium and aluminum alloy, manufactured by multi-directional forging in order 

to ensure an extremely lightweight component with improved mechanical properties. The wheel includes 

the transmission pinion and the rear brake disk. It presents seven spokes with curved shape geometry. 

The engine is produced in foundry aluminum. In the first subsystem, chassis with engine, the engine sits 

inside the chassis and it is connected to the frame using three steel pins. The wheel is connected to the rear 

swingarm using another pin in order to perform the second subsystem. Finally, the connection of the 

whole assembly is realised by a pivot bolt linking chassis, swingarm and a leverage connected with the 

rear shock-absorber. 

2.1 Experimental modal analysis 

The experimental modal analysis (EMA) is carried out on the actual motorbike frame and all the 

components are shown in Fig. 1. The engine was considered only as an added rigid mass, thus any EMA 

was carried out only on it alone. Roving hammer experimental modal analysis was performed on 

components, sub-assemblies and full assembly in free-free conditions. The structure response is measured 

using two mono-axial and two tri-axial accelerometers connected to a Siemens SCADAS mobile. LMS 

Test.Lab software is used for modal data acquisition and analysis. 

The excitation points for each configuration are selected in according with MoGeSeC criterion [7] to 

obtain a good compromise between geometry representation and expected motorbike modal behaviour. 

The number of excited DoFs and the number of identified modes in each configuration are reported in 

Table 1. The identification of component modal properties results quite clean: as expected the components 
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are very low damped, the mode shapes are almost completely orthogonal and the synthetised FRFs are in 

very good agreement with the experimental ones. The same considerations are also confirmed in the two 

sub-assemblies and in the full assembly, with an increasing value of damping ratio due to the increasing 

number of contacts, even if the system continues to be almost linear. 

 

Figure 1: Components (a, b, c, d), sub-assemblies (e, f) and full motorbike assembly (g) 

Configuration DoFs # of identified resonances Frequency range 

chassis 90 20 0÷1000 

swingarm 60 16 0÷1500 

wheel 22 14 0÷1000 

chassis – engine 106 14 0÷1000 

swingarm – wheel 77 20 0÷1000 

chassis – engine – swingarm – wheel 164 37 0÷1000 

Table 1: EMA excited nodes and modal shapes 

2.2 Numerical modal analysis 

The CAD model reproduces all the components including steel pins, leverage and shock absorber used to 

assembly the motorbike frame. Each component is made of several part welded together, modelled as 

bonded contact between flexible bodies in the finite element model. In the first sub-assembly four pins are 

used to connect the engine to three points on the chassis. The engine is considered as a rigid body, 

therefore rigid connections are used to model its contacts with the chassis. One steel pin and the relative 

blocking plates link the rear wheel to the swingarm. Finally, the connection between the two sub-

assemblies is obtained using the leverage system between chassis and swingarm, including the rear shock 

absorber and a steel hollowed pivot between chassis and swingarm. The rear shock absorber translation is 

blocked, as in the experimental analysis. The numerical models are shown in Fig. 2. Each of the 
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experimental configurations is also numerically analysed, using Ansys software. In the finite element 

analysis (FEA), the geometries are discretised using tetrahedral solid mesh. Real modal analysis is 

performed, therefore no damping effect is considered. The size of each model and the number of 

computed mode shapes are reported in Table 2. 

 

Figure 2: Components (a, b, c, d), sub-assemblies (e, f) and full motorbike assembly (g) 

Configuration DoFs # of identified resonances Frequency range 

chassis 2218338 27 0÷1350 

swingarm 721176 14 0÷1600 

wheel 1979784 34 0÷1600 

chassis – engine 1471554 14 0÷1000 

swingarm – wheel 2684886 34 0÷1250 

chassis – engine – swingarm – wheel 3503976 26 0÷750 

Table 2: FEA excited nodes and modal shapes 

2.3 EMA – FEA comparison 

The modal properties obtained from experimental tests and numerical analysis for each component are 

compared through the well-known Modal Assurance Criterion (MAC) Eq. (1) [8]. It is defined as the 

normalised scalar product between two modes j , and k . Hence it results equal to 100% if two modes are 

identical, while it reaches 0% if they are orthogonal: 
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Material densities were updated to have a comparable weight between the real component and the model. 

The Young modulus of each component is tuned using Eq. (2), to have comparable natural frequencies in 

experimental and numerical analysis [9]: 
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where the not dimensional parameter ε  is evaluated with respect to unitary values, according to a 

minimization of the sum of r natural frequencies rω  of the coupled EMA vs. FEA mode shapes in a least 

mean square sense. 

The resulting density and Young modulus of each component are reasonably close to the material 

literature values for all the components. Weight, Young modulus and density of each component are 

shown in Table 3. 

Component Weight [kg] Young modulus E [GPa] Density [kg/m3] 

chassis 5.132 69.43 3064 

swingarm 3.715 64.62 2815 

wheel 2.203 19.05 1159 

Table 3: Material properties of components 

The MAC matrices between experimental and numerical results of the three components are reported in 

Fig. 3. The systems modes are spaced with respect to the corresponding natural frequencies: if the EMA 

and FEA analyses are perfectly aligned, the iso-frequency is a straight 45° inclined line (black dashed 

lines in Fig. 3). 

 

Figure 3: EMA – FEA MAC matrices: chassis (left), swingarm (middle), wheel (right) 

The modal analysis of the chassis model is in very good agreement with the experimental results (Fig. 3, 

left), the first 18 experimental mode shapes are very well reproduced by the FEM model both in shapes 

and natural frequency. The mean MAC value on all the mode shape is 82.30%. Also the swingarm model 

gives quite robust results (Fig. 3, middle): the first 6 mode shapes are in very good agreement, with a 

mean MAC value of 85.32%. At higher frequency the MAC value is slightly lower, but however the mean 

MAC value results 85.11%. The wheel model is even aligned (Fig. 3, right). Indeed, also for this 

component six global mode shapes are very well replicated by the model either as mode shapes and as 

natural frequencies. More complex or localised modes are not very well aligned due to the low number of 

point tested in the experimental campaign. 

The two sub-assemblies and the full assembly, called motorbike later, are also compared with the relative 

FEM models, as shown in Fig. 4. 
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Figure 4: EMA – FEA MAC matrices:  

chassis and engine (left), swingarm and wheel (middle), motorbike (right) 

The model of the chassis with the engine includes also four steel pins, linking the two components. The 

unique updating parameters are the material properties of these pins, because chassis was already updated 

and the engine is considered as a rigid body. The natural frequency of some chassis modes decreases, due 

to the added mass, while for others it increases, due to the added stiffness. The first five modes are quite 

aligned both in shapes and natural frequencies with a high value of correlation. The 3rd and 4th mode 

shapes, quite close in frequency, are switched between EMA and FEA. 

The model of the swingarm with the wheel includes the already updated components, and the hollowed 

steel rod with two aluminum plates to block the wheel. Only the stiffness of the hollowed rod can be 

updated. The MAC is quite diagonal; the modes at lower frequencies are better described. The numerical 

model presents many modes in the same frequency range, due to couples of modes of the wheel that are 

not always well identified in the experimental results. 

The complete model is obtained assembling the two sub-assemblies with the pivot, leverage and rear 

shock absorber. The MAC is enough orthogonal; all the correlated couples of EMA and FEA mode shapes 

are really closed to the iso-frequency line, therefore also the corresponding natural frequencies are close. 

The numerical model seems to be quite accurate and robust to describe the analysed system vibrational 

dynamics. 

3 Mode shape tracing 

The main aim of this work is to trace the components mode shapes in the sub-assembly and full assembly 

of the motorbike frame, to understand which of the component mode shapes are influent in the complete 

motorbike assembly. The target can be achieved comparing the mode shapes of the sub-assemblies and 

components. The MAC from component to assembly gives detection of the component mode shapes still 

visible in the assembly. The detection of the component mode shapes in the assembly is performed using 

Modal Assurance Criterion, Eq. (1). The mode shapes of each component are compared with the relative 

sub-assembly, and the two sub-assemblies are compared with respect to the motorbike.  

Five comparisons are performed: 1) chassis / chassis and engine; 2) swingarm / swingarm and wheel; 3) 

wheel / swingarm and wheel; 4) chassis with engine / motorbike; 5) swingarm with wheel / motorbike. 

The analysis is performed using both experimental and numerical data.  

In Table 4 the chassis modes are traced in the chassis with engine sub-assembly and finally in the 

complete assembly. Four chassis modes are followed in the three systems in both experimental and 

numerical modal analysis: the vertical bending of the chassis, the global torsion of the chassis and two 

horizontal bending in phase and out of phase. 

Three swingarm modes are traced up to the complete motorbike: the swingarm horizontal bending in 

phase and out of phase and the torsion. Also the wheel modes are traced up to the full assembly; four 

modes are followed: the first bending with respect to the rotation axis, the first global wheel bending, a 

drum mode and a bell mode. The torsion of both chassis and swingarm are shown in Tables 4-5. 
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Chassis Chassis+engine Motorbike MAC Description 

  
 

4-1: 8.10% 

1-4: 96.92% 

Torsion 
4) 309.1 Hz 1) 177.5 Hz 4) 177.6 Hz 

  
 

3-3: 32.04% 

3-15: 47.07% 

3) 303.4 Hz 3) 485.5 Hz 15) 480.5 Hz 

Table 4: Mode shape tracing chassis 

Swingarm Swingarm+wheel Motorbike MAC Description 

 
  

3-10: 76.80% 

10-23: 38.76% 

Torsion 

3) 494.8 Hz 10) 607.4 Hz 23) 650.7 Hz 

 
  

3-16: 76.80% 

16-22: 76.49% 

3) 495.5 Hz 16) 634.9 Hz 22) 634.4 Hz 

Table 5: Mode shape tracing swingarm 

The torsion of the chassis is highlighted in both the sub-assembly and in the final assembly. This confirms 

what is presented in [10]; this mode is quite exited during high speed curves [11-12]. The torsion of the 

swingarm is traced in the relative sub-assembly and quite well also in the final motorbike assembly. This 

mode shape is very excited when coming into corners. Hence the composition of both the torsional modes 

is quite important for the stiffness of the motorbike during cornering. The four wheel modes founded in 

the two-wheel vehicle are quite influent also in the global motorbike behaviour in the interested working 

frequency range. The first two modes are structural modes excited during curves, the others are bell modes 

very important for the vibration comfort, but especially for tyre performance during races, because their 

vibrations are directly transferred to the bikers through the frame. In this context also the chassis 

flexibility takes a fundamental role in vibration reduction for a major comfort and drivability sensation. 

Conclusions 

The modal behaviour of a racing complete motorbike, manufactured by Mahindra racing team, has been 

investigated from an experimental and numerical point of view, to understand the role of each component 

of the global motorbike dynamics. A very good agreement between component models and relative 
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experimental outcomes is obtained. The different subsystems are tuned through the updating of the elastic 

properties of the joints between the different components to improve the model robustness. 

The single component modes evolution is traced, increasing subsystems complexity up to the full 

motorbike. Chassis, swingarm and rear wheel of the motorbike are assumed as the primary components. 

Modal assurance criterion is used to follow the primary components mode shapes in the structure up to the 

whole motorbike chassis. The bending and twisting swingarm mode shapes result to be traceable 

increasing the number of system components. 
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