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Abstract: Motorcycle accidents with opposite vehicles are among the most difficult to reconstruct due to complicated kinematics and 

interactions between multiple participants. The Multi-Body System approach commonly applied in software packages as PC-Crash and 

Virtual-Crash, allows for proper reconstruction of the crash kinematics but did not take into account the full deformation of the vehicles and 

occupants. On the other hand, the Finite Element Method approach, especially the explicit formulation, used in the field of crashworthiness 

gives a way to describe the proper material behavior of the participant components during dynamic events. For the analysis of the accident, 

the full FEM approach becomes too complicated and time-consuming (both for preparation of the simulation and for the simulation run). 

The authors would like to propose a hybrid approach which couples and FEM and MBS models in VPS numerical environment (Pam-crash 

solver). This paper presents an analysis of the accident between the maxi-scooter and the opposite vehicle. As the representation of the PTW 

driver, a Virthuman hybrid human body model was used. This model in opposition to full FEM models allows the fast calculation of the 

simulation. Besides the kinematics of the accident, prescribed injury criteria were assessed on the human body model. 
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1. Introduction 

An accident reconstruction is a procedure of creating the 

linkage between the causes and the effects of an accident. This 

procedure could be carried out in two ways. The first way is a 

backward-looking, in which the reconstruction starts from the 

known post- crash position of crash participants. The information 

about the deformation and the post-crash movement guide to the 

impact speed, and then to the driving speed. The second way of the 

accident reconstruction is a forward reconstruction.[1,2]  

In the forward reconstruction, the accident is replicated by the 

numerical model. This method aims to replicate the final position 

by the solution of the model. Proper numerical models of 

participants and interaction between them are crucial to conducting 

the backward reconstruction procedure. For a regular PTW to a car 

accident, at least four numerical models are required (car, PTW, 

rider, helmet). Due to its multi-directional validation and scaling 

possibility, the Virthuman model can be used as a representation of 

the PTW rider. Moreover, the classical injury criteria like the HIC 

and the Nij could be assessed on the Virthuman model. 

2. Materials  

The cases were simulated in the numerical environment: Virtual 

Performance Solution (former PamCrash). The simulation was 

performed for the FEM models (the OV, the helmet) using an 

explicit approach. The main aim of the simulation was the 

reconstruction of the PTW occupant injury pattern. Due to the 

nature of the Virthuman [3] (MBS), the injuries could be only found 

by monitoring the nodal accelerations and forces which appear in 

the joints [4,5]. Based on these parameters, the injury criteria can be 

calculated (e.g. HIC - head injury criteria). 

During the simulation, four macroscopic objects were used (the 

PTW, the OV, the occupant, and the helmet) [6]. Before starting the 

numerical calculation, these objects must be positioned and 

coupled. The procedure for coupling was as follows: 

► Virthuman scaling according to the PTW occupant 

description  

► Coupling Virthuman to the helmet  

► Positioning Virthuman to a sitting position,  

► Coupling Virthuman to the PTW (at the contact points), 

► Positioning the PTW with the occupant (according to the 

backward reconstruction),  

► Setting the initial velocities of the PTW and the OV. 

► Injury criteria evaluation 

 

After the simulation, two injury criteria were evaluated: 

► Nij - normalized neck injury criterion, 

► HIC - head injury criterion. 

The Nij injury criterion could be calculated as follows [7]: 

𝑁𝑖𝑗 =
𝐹𝑍
𝐹𝑖𝑛𝑡

+
𝑀𝑌

𝑀𝑖𝑛𝑡
, 

where: 

𝐹𝑍 - the axial load, 

𝐹𝑖𝑛𝑡  - the critical intercept value of load used for 

normalization, 

𝑀𝑌 - the flexion/extension bending moment, 

𝑀𝑖𝑛𝑡  -the critical intercept value for moment used for 

normalization. 

 

The HIC can be defined as follows [7]: 

 
where: 

t1 - the initial time of the interval in which the HIC has a 

maximum value, 

t2 - the final time of the interval in which the HIC has a 

maximum value, 

a(t) - the magnitude of the acceleration of the head center of 

gravity. 

2.1 Case 1 

The first step for an accident simulation is the positioning of the 

vehicles and the occupant. In Case 1, the OV and the PTW were 

positioned according to the figures from the case description. The 

angle between the vehicles was equal to 114 deg. 

► OV: Ford Fiesta (2004) with a mass of 1300 kg, 

► The PTW mass: 260 kg  

(vehicle with driver) 

► The PTW speed: 55 km/h, 

► The OV speed: 10 km/h. 
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Figure 1. Case 1 setup. 

 2.2 Case 2 

According to the procedure, the first step was Virthuman 

scaling. The basic model was scaled to the anthropometric 

parameters of the real PTW occupant. Next, the model was 

positioned, coupled with the helmet and coupled with the 

motorcycle. Then the OV model was trimmed to the mass reported 

in police records (1130 kg). After these steps, the PTW model was 

positioned against the OV model (Figure 2.). The angle between the 

vehicles was approximately 111 deg. 

► OV: Fiat Grande Punto (2009) with a mass of 1130 kg, 

► The PTW mass: 260 kg  

(vehicle with driver) 

► The PTW: 56 km/h, 

► The OV: 9.5 km/h. 

 

Figure 2. Case 2 setup 

3. Results 

3.1 Case 1 

The kinematics of the accident is shown in the foregoing 

figures. All sub-phases of the PTW crash can be easily seen. Firstly, 

the front fork of the PB is compressed (0 – 30 ms). Next, the fork 

starts to deform (30 – 60 ms). The third step of the kinematics is the 

rotation of the PTW around the contact point.  

During these sub-phases, the movement of the occupant can be 

described as follows. Firstly, the body of the driver starts to slide 

out from the seat, due to the PTW´s loss of speed. The occupant´s 

hands start to be compressed against the handlebar. After reaching 

the 450 N of the contact force between the hands and the handlebar, 

the contact ends. The upper part of the driver´s body starts to 

overtake the PTW. The lower part of the body is continuously 

compressed by the inertia forces on the PTW front frame. Due to 

this, the lower extremities are blocked by the PTW frame. This 

situation results in the appearance of the torque which acts on the 

rider´s body. This torque results in rotation of the occupant around 

the point of the abdomen – motorcycle contact (90 - 120 ms). 

Because of the body rotation, the occupant finally hits the OV hood 

with the head.  

► 0 – 30 ms sliding on the seat 

► 30 ms reaching maximum handlebar grip force (450 N) 

► 30 – 60 ms continuous sliding from the seat 

► 60 ms first contact between the occupant´s abdomen and 

the PTW frame 

► 60 - 180 ms rotation of the body until the head-to- hood 

impact (175 - 185 ms). 

 

Figure 3. Case 1 kinematics. 

The initial momentum and angle of the OV result in the change 

of the PTW path (the path starts to rotate clockwise). This situation 

results in contact between the left side of the PTW and the left leg 

of the occupant (150 - 240 ms). The contact force between the leg 

and the PTW side can result in an extensive leg injury. By 

analyzing the acceleration, which was acting on the head center of 

gravity (COG), the head injury criteria (HIC) can be calculated. In 

the reconstructed case the HIC is equal to 489 (Figure 4.). This 

value is in line with the medical examination of the PTW driver – 

the examination did not find injuries higher than AIS1. 

 

Figure 4. Case 1 HIC assessment. 

 

After the filtration, the Nij was calculated. The calculation has 

been placed in the 50th percentile male corridor (Figure 5.). This 
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figure shows that the corridor has been exceeded. This situation 

occurs because of the high peak of the neck extension force at 75 

ms and 120 ms. However, the medical examination of the area did 

not report any neck injuries. 

 

Figure 5. Case 1 Nij corridor. 

3.2 Case 2 

The kinematics of the crash are presented in the foregoing 

figures. The crash starts with the first contact between the PTW 

front wheel and the left fender of the OV. In the first 20 ms, the fork 

of the PTW is exposed to compression. After this period, the fork 

starts to bend (20 - 45 ms) until the first contact between the PTW 

front wheel and the PTW frame. At 45 ms, the PTW starts to rotate 

around the vehicles´ contact point (Y-axis of the PTW). This results 

in the rear part of the PTW lifting. 

During the crash, the PTW driver´s movement passes through 

the following steps: 

► 0 – 30 ms sliding on the seat 

► 30 ms reaching maximum handlebar grip force (450 N) – 

releasing the hands 

► 30 – 60 ms continuous sliding from the seat 

► 60 ms first contact between the occupant´s abdomen and the 

PTW frame 

► 60 - 180 ms rotation of the body until the head-to- hood 

impact (175 - 185 ms) 

 

Figure 6. Case 2 kinematics. 

 

The analysis of the signal from the head COG virtual 

accelerometer (Грешка! Източникът на препратката не е 

намерен.) shows that the biggest peak of the acceleration was 

around 180 ms. This data corresponds to the contour plot of the 

simulation (180 ms, Грешка! Източникът на препратката не е 

намерен. 6.). The calculated HIC criterion (399) is in line with the 

medical reports (no head injuries were reported). 

 
Figure 7. Case 2 HIC assessment. 

 

The analysis of the Nij criterion (Figure 8.) shows that during 

the accident the PTW occupant was constantly inside the safe 

corridor for the neck. This is in line with the medical examination –

neck injury was not reported. 

 
Figure 8. Case 2 Nij corridor. 

 

3. Conclusions 

The VPS Virthuman shows in simulated cases a good recreation 

of the PTW occupant kinematics. Its main advantage is the scaling 

possibility and acceptable calculation time. In comparison with 

more complicated FEM human body models (THUMS, GHBMC), 

the Virthuman is easier to position. However, it should be 

mentioned that even improved MBS models of the human body can 

only be used to evaluate predefined and existing injury criteria. 

They do not have any built-in mechanisms for real injury simulation 

(e.g. lung puncture). From the engineering point of view, numerical 

accident simulation can be a booster for PPE development teams, 

but, as with every tool, they are only as good as the people who use 

them.   
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