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Abstract: 

Multy-body simulation is applied to compute the motorcyclist’s kinematic in case of virtual motorcycle 

versus car accident. Results show that for over 50% of the simulations, the impact velocities of the whole 

body exceed 8 m/s when impacting the vehicle and 4 m/s at the time of road impact. The head impacts 

the vehicle most often with a speed exceeding 7.5 m/s on the fronto-lateral impact configuration, when 

thorax, abdomen and pelvis are the most exposed segments for the other impact configurations, with 

impact velocities beeing in the range of 10 to 15 m/s. Changes in BMI leads to minor influence on the 

impact velocities of the different body, especially for the first impact. As expected, body impact speed 

increases with the speed of the motorcycle, for both, the first and the second impacts. These results will 

contribute to an improvement in the evaluation and optimization of motorcyclist’s protection garnement. 

 

Introduction 
Powered Two Wheelers (PTWs), i.e. mopeds and motorcycles, remains one of the most dangerous 

means of travel on today's roads. According to European safety Council shows that in 2015-2017 the 

19 % of road deaths were motorcyclists [1]. In USA, according to NHTSA (National Highway Traffic 

Safety Administration)’s report it appears that motorcyclists experience a 34-fold higher risk of death 

per vehicle-miles travelled than people driving other types of motor vehicles. According to NHTSA, 

5,337 motorcyclists died in 2017. In EU, the number of fatalities and injuries in motorcycle accidents 

have not decreased since 1995, whereas the motorcycle park in circulation doubled during the same 

period [1]. Motorcyclists have the highest risk of being killed as occupant (driver or passenger) based 

on mileage, which is approximately 24.5 times higher than for passengers of light vehicles. In 2009, 

motorcyclists’ deaths accounted for 20.8% of traffic fatalities. The mortality in PTW accidents was 

higher in the open countryside than in urban areas. In France, more than one in four are aged 25 to 34 

(29.1%) and more than half of the motorcyclists killed are under 35 (53.5%) ONISR [2]. In Germany, 

Otte et al [3] analyzed 2199 motorcyclists accidents contained in the GIDAS database (1999-2008) 

concluding that 65% of the motorcyclists sustained minor injuries, while 9% were severely injured. 

They showed that injury severity depends on the relative speed of the vehicle. Until 30 km/h the 

percentage of MAIS4+ victims was 0.9 %, whereas with a speed up to 70 km/h the percentage 

increased to 8%. 

In contrast to car occupants, all body regions of motorcyclists are exposed to impacts when involved 

in an accident because of their relative lack of protection. Some authors such as Newmann [4], Rogers 

et al [5] and Serre et al [6] reported that motorcycle riders often sustain multiple injuries in a crash. 

The body regions most frequently injured are the upper and lower extremities, while the most severe 

injuries are located on the head, the neck and the thorax. In this context, increasing the performance 

of safety systems remains a priority for injury mitigation. The assessment and improvement of passive 

and active personal protection equipment (PPE) require the development of new testing methods 
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based on the most relevant accident scenarios, the human body kinematics during these accidents and 

the mechanisms causing the injuries on the body regions of interest.  

Because of the difficulty of realistic kinematic estimation from real-world accidents and the economic 

costs of performing crash tests, numerical or virtual accident simulations have been carried out in 

previous research to analyze motorcyclists’ kinematics during accident situations. Some studies 

focused on head impacts [7], while other analyzed the impact conditions of the torso [8] to provide 

critical information for the evaluation of helmets and wearable airbag protectors effectiveness. The 

objective of the present study is to define realistic impact conditions for all human body segments in 

a range of typical PTW accident scenarios for the safety assessment and optimization of current 

protectors and the development of a new generation of protective systems. Indeed, the results will 

contribute to improving knowledge for the development of test methods for the evaluation of Personal 

Protective Equipment (PPE). They will make it possible to define specifications, particularly in terms of 

impact speed for each use case and body region. These will serve as baseline to define an assessment 

for the protective systems for each of the selected body regions, particularly head, thorax, abdomen 

and pelvis. 

 Methods: 

Based on the real accident configurations collected in the French project Secu2RM and published by 

Cherta Ballester et al [8] in 2019, the present study proposes a parametric study to evaluate the 

impacts sustained by each body segment in terms of impact location, impact velocity and impact time 

for a single motorcyclist in accident configurations against a car.  

The parametric study considered 2 types of PTW, 3 rider morphologies, 8 accident configurations and 

2 PTW impact speeds leading to 96 accident situations as illustrated in Figure 1. The first impact on the 

vehicle and the second impact on the road have been considered and differentiated. 

The PTW models represent two main motorcycle types collected in the database, i.e. a sport 

motorcycle (Triumph Street triple) and a scooter (Piaggio Liberty). The type of vehicle retained for this 

study is a GeoMetro urban car because it represents a generic model of a small vehicle. 

Three Body Mass Indexes (BMI) were defined corresponding to the 5th, 50th and 95th percentiles of 

the real accident victims observed. The 50th percentile male human model (176 cm, 77 kg) was 

modified to obtain three rider morphologies with BMIs of 19, 24 and 32 with a constant height of 176 

cm, using the GEBOD program implemented in Madymo® software, [9], [10]. 

Eight accident scenarios were chosen to simulate collisions of the front part of the motorcycle against 

several points of the car, as illustrated in Figure 1. Among them, 2 impacts to the front (head-on and 

oblique-on-front), 5 to the side (3 oblique-on-side and 2 head-on-side) and 1 to the rear (head-on-rear) 

of the car were reproduced.  

Finally, two impact speeds for the PTW (50 and 70 km/h) were considered according to the accidents 

collected in the database (Cherta Ballester et al [8]) whose occurrence was often in a rural area. For all 

the simulations in this study, the initial speed of the car was 15 km/h, considering that the vehicle was 

maneuvering at a crossing. All these scenarios constitute a wide range of configuration of impact of 

the motorcycle on the car. The side-on-head impacts are not considered in this study. 



3 
 

 

Figure 1. Illustration of the parametric study on PTW vs car accidents, leading to 96 accident 

configurations. 

The accident simulations have been carried out using Madymo® software and output data are obtained 

and analyzed using a special designed program, allowing to extract the impact location of each body 

part as well as the velocity vector. The principle of solving a multibody system is to define a set of rigid 

bodies represented by ellipsoids and connected by joints. Contrary to finite element computation, 

contact between two bodies is computed by a penetration force defined by a function. The 

computational time of this multi-body approach is strongly reduced compared to finite element 

simulation.  

The multi-body model representing the motorcyclist is the TNO adult human model implemented in 

the software. The model’s dynamic behaviour was validated against post-mortem human tests, as 

reported by Van Hoof et al. [11] and De Lange et al. [12]. This human model was scalable using the 

GEBOD program implemented the Madymo® package [9], [13]. A helmet geometry was added to the 

human model composed of three ellipsoids representing the outer, the visor and the based. The 

contact force curve used come from experimental tests on a mean full-face motorcycle helmet carried 

out in laboratory. 

The geometries of PTW and car models were developed superimposing the ellipsoids versus the CAD 

as illustrated in Figure 2. The mass and inertia of all the different parts of the vehicles are gathered 

from the datasheet available. The contact force functions used on each part of the car are extracted 

Martinez et al. [14], similarly as Bourdet et al. [15], [16].  

 
Figure 2. Illustration of Car and PTWs models when superimposing ellipsoids and vehicles CAD 

geometry. 
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Coming to the simulation output data, motorcyclist’s impact location and impact time were considered 

as well as the velocity vector of the different body segments at the instant just before impact and 

called impact velocity. The impact time was computed as the period of time between the first contact 

of the PTW against the car and the first contact of the human body with the car and with the ground. 

A Python script was used to extract the impact conditions of the six body segments of interest (head,  

thorax, upper limbs, abdomen, pelvis and lower limbs) against the car and the ground, in terms of 

vector velocities, impact location on the body segment. Therefore, for each simulation the contact 

time of each body segment was extracted from the computed contact force curve where the force is 

zero as illustrated in Figure 3. The location of the impact point is then determined at this time step in 

terms of square zone of 20mm large constituting of 25 pixels, as illustrated in Figure 3. Each pixel was 

added of one unit when contact exist. Thus, when an area was impacted several times, the pixels 

constituting of this area see theirs number of units increase and permits to propose a colormap to 

show the contact density. A mean value of body part impact velocity is computed in the same manner. 

 
Figure 3. Determination of contact points converted in contact density. 

 

Results: 

A total of 96 PTW accident situations were simulated by multibody models and the impact conditions 

of the motorcyclist were analysed considering the first impact on the vehicle and the second impact 

on the road. Thus, a total of 1068 impacts human-car and 845 impacts human-road were detected 

using the algorithm described above, considering that body segments impact several times. The 

number of impacts was divided into six body zones (head, thorax, abdomen pelvis upper and lower 

limbs segments), as illustrated in Figure 4. It can be observed that lower limbs are the most often 

impacted parts followed by upper limbs. Figure 5 shows examples of rider kinematics for different 

configurations in which the body parts impact the vehicle and the ground.  

 

Figure 4. (on left) Number of body impacts on the vehicle (dark) and on the ground (light) 

considering lower and upper limbs. (on right) Discretization of the body zones. 
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Figure 5. Examples of accident simulation kinematics. 

 

Impact location and velocity: 

Figure 6 and Figure 7 show the distribution of the contact points on the motorcyclists, in terms of 

density of contacts for the different impacts and in terms of resultant impact velocity for the different 

body parts and for all of the 96 simulations: Concerning the contact density, the red areas represent 

the most often impacted regions whereas the blue ones represent the less often impacted area. It is 

observed that the most often impacted area when impacting the vehicle are the face, the thorax 

(sternum) and the shoulder as well as the lower and upper limbs, with an impact velocity ranging from 

8 m/s to 16 m/s (green and red colours). The body areas not impacted were let in white. On the other 

hand, when it comes to the ground impact, the distribution is more spread out and no strong 

predominance is observed. Interestingly, it appears that, the impact velocity is lower for this so-called 

second impact.  

 

Figure 6. Distribution of the contact points on the whole body for all simulations combined in 

terms of density for the 96 accident configurations. 
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Figure 7. Distribution of the contact points on the whole body for all simulations combined in 

terms of resultant impact velocity for the 96 accident configurations. 

The distributions of the contact point density on the whole body for the different simulations according 

to the accident scenario, the BMI and PTW initial velocity and type are illustrated separately in Figure 

8. It can be observed that the accident scenarios distribute differently the impact points especially 

under oblique impact in which the localisation of the contact on the body human is lateral for both 

contact surface vehicle and ground. Concerning the BMI and PTW speed parameters, the impacts 

points are located similarly with almost same density by comparing each configuration according to 

the contact surface. With regard to the PTW type, a difference can be observed between motorcycle 

and scooter when impacting the vehicle. For the motorcycle, the impact points are more located on 

the sternum and middle of the upper thorax, whereas for scooter-pilot, sternum is weakly impacted. 
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Figure 8. Distribution of the density contact points on the whole body separately for the 

different simulations according to the accident scenario (on top), the BMI (on middle) and 

PTW initial velocity and type (on bottom). 

The impact velocity distribution for each body part based on the vehicle and ground impact 

configurations respectively are shown in Figure 9. For the head, it is clearly observed that in 100% of 

reconstructed cases, the impact velocity is greater than 9.3 m/s in head-on-side (HOS) configuration. 

For all other configurations except head-on (HO), the head impact velocities are between 8 to 13m/s 

for 50% of the simulations when the head impacts the vehicle. On the other hand, the head impact 

velocity doesn’t exceed 5 m/s when it contacts the ground for 75% of the simulations. With regard to 

the thorax, in 50% of the cases, the impact velocity is greater than 8 m/s in all configurations excepted 

in head-on (HO) impact. When impacting the ground, the impact configuration in which the highest 

impact speeds are observed is the oblique configuration for all parts of the body with a value of about 

10 m/s. In the other configurations, more than 75% of the simulations show an impact speed below 5 

m/s for all the body parts.  

The selected Body Mass Index (BMI) don’t show any effect on the impact speeds of the different body 

parts, especially during contact on the car except concerning the pelvis. Indeed, the impact speed is 

over 6 m/s in 75% of the simulations for a BMI 24 against below 6 m/s in 75% of the simulations for a 

BMI 32. The influence of this parameter is more important on thorax for the ground impact. 
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The speed of the PTW shows clearly an influence on the impact velocity of the head, thorax and 

abdomen, especially when there is contact on the vehicle. The mean velocity increases by about 5 m/s 

with a raise of 20 km/h (5.5 m/s) of the PTW speed. When impacting the ground, this raise can be 

observed only on the thorax. Pelvis velocity impact is weakly affected by this parameter. 

For head and thorax, the computed impact velocities are higher for the moto rider than for the scooter 

rider, unlike for the abdomen. For pelvis, the results show that the impact velocity is higher by using a 

scooter when impacting the vehicle. For all body parts, the distributions of the impact velocities are 

more spread out with the scooter. 

 
Figure 9. Boxplot of human segments' impact velocity distribution when impacting the vehicle 

and the ground according to the accident scenario Head-On (HO), Head-On-Side (HOS), 

Oblique-On-Side (OOS) and Head-on-rear (HOR)(a), BMI (b), PTW velocity (c) and PTW type 

(d). 

Impact time: 

Figure 10 shows the cumulative frequency of the time when body parts come into contact with the car 

and the ground appear. The median time, i.e. the time for 50% of the virtual accident simulations, was 
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extracted for each segments. It was also shown that the car impact occurs typically 80 to 100 ms after 

the first motorcycle to car contact, when the timing of the second impact ranges from 800 to 1000 ms. 

 
Figure 10. Representation of the cumulative frequency of the time when the contact of the 

parts of the body on the car (on left) and (on road) appear. 

Discussion 

A parametric study was performed based on multibody simulation inspired from real world accident 

data to provide a range of realistic motorcyclist’s impact conditions for the assessment of safety 

devices. Due to the endless number of different motorcycle accident situations in real life, this work 

focused on the simulation of a set of typical PTW accident scenarios. It considered two types of PTW, 

three rider morphologies, eight accident scenarios and two PTW impact velocities. All these 

parameters were defined according to the SECU2RM French database that contains victims admitted 

into the shock rooms of two French trauma centres [8]. Considering the chosen accident scenarios, 

similar accident configurations were observed in COST 327 [17] and Piantini et al [7], [18]. The impact 

speeds are coherent with those recorded in the study of Piantini et al [7]. 

The analysis of the impacts sustained by the motorcyclist showed that the thorax and lower limbs are 

the most frequently impacted parts of the human body in the simulated accident scenarios. These 

results are in line with the epidemiological studies reported by  Fredriksson and Sui in 2016 [19] and  

Otte et al in 2018 [3] where 47.7% of the AIS3+ victims were injured on the thorax and 44.3% on the 

lower limbs. Moskal et al in 2007 [20] described injuries from helmeted motorized two-wheelers 

between 1996 and 2003 recorded in France. The extremities were the most often injuries and 

whatever the body segments, head-on scenario accounted for more than 30% of injuries. Considering 

AIS4+ victims, head injuries appeared for about 45% and thorax for about 50%. 

In the Cherta Ballester et al study [8] as well as Piantini et al [18], the leading accident scenario was 

the head-on-side collisions when COST 327 [17] reports that oblique-on-side was the most frequent 

accident scenario. Regarding to these previous studies, the choice of the accident scenarios was 

considered as representative.  

Focusing to the head, the extraction of impact conditions shows that the location of the impacts is 

often on face and front area when impacting vehicle whereas they are more spread when impacting 

ground. Figure 11 shows the cumulative of occurrence in terms of head, thorax abdomen and pelvis 

impact velocity against the vehicle and the ground. It is observed that the tangential component is 

higher than the normal component in at least 50% of the simulations when the head impacts the 

vehicle. This observation gives further illustrates the need of oblique helmet testing. The mean value 

of the normal head impact velocity is of 7.4 ± 3.2 m/s on the vehicle contact and mainly located at chin 

area, as illustrated in Figure 7. For 75% of the simulation, the normal head impact velocity is over 6 m/s. 

When impacting the ground, the head impact velocity is lower with a normal component which doesn’t 

exceed 4.4 m/s for 75% of the simulations. As long as the head is concerned, these results are in 

accordance with the simulation of realworld accidents reported by Bourdet et al [16] in the context of 
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new helmet test method development. They are also in line with helmet standards as long as the linear 

impact is considered. 

 
Figure 11. Cumulative frequency of occurrence for the impact speed against the vehicle (on top) 

and the ground (on bottom) for different body parts: (bue) resultant velocity, (red) normal 

velocity, (green) tangential velocity. 

For the thorax, abdomen and pelvis parts, 75% of the impacts leads to a normal impact speed between 

2 to 6 m/s when impacting the car. Currently the standard test for shock absorption of chest protector, 

NF EN 1621-3, proposes an impact test of a 5 kg mass with an impact energy of 50 J, which corresponds 

to an impact velocity of about 4.4 m/s and only force is recorded which must not exceed 20 kN. 

Nwadiaro et al [21] as well as Kraus et al [22] observed that chest and abdominal injuries are commonly 

seen in fatal motorcycle accidents with fractures as well as soft tissue and vascular injuries. In 2017, 

Faduyle et al [23] reported pattern of injuries in fatal motorcycle accidents. The authors observed that 

rib fracture and lung laceration appeared for 46.7% and 17.4% respectively with regard to thorax 

injuries. Lung injuries are usually caused by lacerations due to broken ribs but also compression of the 

thoracic cavity. Moreover, the airbag protective system, the activation time must be less than 200 ms 

defining in EN 1621-4. But as observed from the simulation and plotted in Figure 10, thorax contacts 

the car in less than 80 ms for more than 75% of the simulations. This was confirmed by Serre et al in 

2012 [6] and more recently by Cherta ballester et al in 2019 [8]. 

The main limitation of this study is that the range of postures is non-exhaustive and could gather more 

possible configurations. Nevertheless, it constitutes a representative range of realistic configurations, 

which permit to involve a large number of kinematics. Another limitation is the use of multibody 

approach which propose a simplification of the modelling compare to finite elements simulations, as 

the contact force curves used in the present study were obtained by rigid impactor against car parts. 

Finally, limitations also exist at human body modelling level where a state of the art model was applied 

as for pedestrian or bicycle accident simulation. Indeed, the pedestrian model used for the present 

study is validated in pedestrian configuration and not in the specific use of motorcyclist. It is possible 

that in real life the human would turn its head and other body parts to avoid facial impact or have 

other avoidance reflexes. The hypothesis that the reaction time is longer than 100 ms is considered in 

this study, as the first contact appears at 80 ms. 

The aim of this study is to evaluate the impact conditions of body parts in terms of impact velocity and 

location. It is not to evaluate the injury risk as multibody simulation is not the state-of-the-art tool for 

that. A future work will consist in implementing the body part impact conditions in finite elements of 

models in order to evaluate the injury risk. 

Conclusion: 
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This study presents a parametric study based on multi-body simulation of motorcyclist’s kinematic in 

case of motorcycle versus car accident. Eight accident scenarios were chosen to simulate collisions of 

the front part of the motorcycle against several points of the car. Three Size of the rider and two type 

of PTW (sport motorcycle and scooter) as well as two PTW initial velocity (50 km/h and 70 km/h) have 

permit to simulate and analyse a total of 96 accident scenarios. It reports the impact velocity per body 

segment for a large range of impact conditions, both against car and road surface and permits to 

establish realistic impact conditions dedicated to the testing of protection systems. Further, the timing 

of impact is computed providing essential information for the deployment of active protection 

systems. Results show that for over 50% of the simulations, the impact velocities of the whole body 

exceed 8 m/s when impacting the vehicle and 4 m/s at the time of road impact, when the PTW impact 

a city car with an initial velocity in the range of 50-70 km/h. It is for the lateral impact configuration 

that the head impacts the vehicle most often with a speed exceeding 7.5 m/s, when thorax, abdomen 

and pelvis are the most exposed segments for the other impact configurations, with impact velocities 

being in the range of 10 to 15 m/s. Changes in motorcyclist’s BMI leads to minor influence on the 

impact velocities of the different body segments, especially for the first impact. As expected, body 

impact speed increases with the speed of the motorcycle, for both, the first and the second impacts. 

To the authors knowledge it is the first time that a detailed parametric study focuses on the impact 

velocity of the different body segments for the first and second impact, in a large range of motorcycle 

to car crash configurations and it is expected that this information will contribute to the development 

of test methods dedicated to passive and active protection systems. 
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