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Abstract: The aim of this work is the implementation of the virtual hybrid human body model Virthuman into the pedestrian traffic collision 

scenarios. The pedestrians are the most vulnerable traffic road users and they are exposed to a high risk and suffer with serious injuries and 

responsible for high number of death and injuries. The interest of the study of simulation of a car crash accident is motivated by the effort to 

decrease these numbers. The authors use a virtual model of the full human body called Virthuman here. This model was built based on 

combination of two modelling approaches, particularly multibody and finite element. Such method is call a hybrid approach and keeps 

advantages of both principles. The model was fully validated against published experimental data (particular body segment tests as well as 

full body tests) and was successfully used in the number of applications. The purpose of this paper is to present the model as a suitable tool 

for pedestrian collision modelling and injury risk assessment. Besides the description of the model, the examples of the application towards 

pedestrian safety are going to be presented here.  
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1. Introduction

Pedestrians are the most vulnerable road users and they are

exposed to a high risk in the collisions with the vehicles. The

statistical data shows that pedestrians are still responsible for the

second biggest number of fatalities and injuries on the road; about

2.000 in the Czech Republic [1, 2] 40.000 in the EU and 1.25

million around the globe annually, [1, 3, 4, 5].

Moreover, the recent studies in Europe indicate that the 

passenger cars are one of the most often involved in the collisions 

with the pedestrians. Figure 1 summarizes the distribution of the 

vehicle type participating in the pedestrian collisions in the Czech 

Republic in years 2009-2014 [6] 

Figure 1: Distribution of the vehicle type involved the pedestrian 

accident in the Czech Republic in 2009-2014 

Recently, the virtual human body models are being used more often 

and virtual approach in the biomechanical fields. The virtual 

prototyping in the automotive industry takes benefit from the 

numerical models of the humans. The models are mostly based on 

the finite element method, articulated rigid bodies (multibody) or a 

hybrid approach that combines advantages of both approaches. The 

review of the current state of biomechanical human body models is 

given for instance in [7, 8].  

This work demonstrates the application of the virtual human body 

model Virthuman in various road traffic incidents including the 

pedestrian. Firstly, the Virthuman is described. Secondly, the 

model is used in the real accident reconstruction, sensitivity 

analysis of the gait posture during frontal car to pedestrian crash 

and simulation of such scenario, or development of new tram front-

end design. 

2. Methods

2.1. Virthuman 

The Virthuman model is a hybrid model combining the two main 

modelling approaches, the deformable elements and rigid body 

segmentation within the multi-body (MBS) structure. The basic 

structure of the human is modelled using the multi-body and 

consists of rigid segments connected via kinematic joints. The 

anatomical shape of the human is modelled using finite element 

surface segments connected via non-linear springs and dampers to 

the basic MBS structure. Virthuman model can be easily used as a 

pedestrian, driver or passenger of a car. The Virthuman model is 

also a fully scalable human model taking the gender, age, size and 

weight of the particular subject into the account [9]. The scaling 

algorithm implemented in the model is based on a large 

anthropometric database [10] measured in the Czechoslovakia in 

1980’s. The example of a size variable Virthuman model is 

demonstrated in Figure 2, where a small child, a big male and an 

average female are shown.  

Figure 2: Scaled Virthuman model. 6-year-old child, 110 cm, 17 kg 

(left); 40-year- old male, 190 cm 

The model was fully validated against a large set of validation tests 

and especially validated for the pedestrian impacts [11, 12]. The 

full-body tests as well as the detailed tests for the particular human 

body segments were performed to ensure the boofidelity of the 

Virthuman model. There is an automatic algorithm for evaluation 

of the specified criterion based on various mechanical quantities 

(e.g. contact force, acceleration, displacement, torques etc.), 

implemented in the model [13]. The list of the evaluated criterion is 

based on EuroNCAP rating and is available in [12], see Figure 3. 

Figure 3: Example of injury risk evaluation within Virthuman 

model 
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3. Application example 

 

The Virthuman model has a great benefit of the fast calculation 

time, a simple definition of any initial stature (position of the 

body), scaling algorithm (personalized subjects) and also the injury 

prediction. Thus, the model is very useful in the cases, where a 

large number of calculations is required or different postures and 

different occupants need to be analysed. It does not deal with the 

detailed injury of all tissues (hard or soft), since the model does not 

have any internal structures. However, it can still bring the 

knowledge of mechanical loading, which can be interpreted in the 

way of human injury. This paper presents several cases of 

Virthuman applications as a pedestrian. 

 

3.1. Sensitivity analysis of the human gait posture on the 

injury 

 

Sensitivity analysis of the frontal pedestrian-to-car collision is 

presented. The collision of the pedestrians with the vehicle can be 

divided into two phases: the primary contact (the human with the 

car) and the secondary contact (the human with the ground). 

Significant injuries can occur in both phases. The main focus of the 

research lays obviously on the primary contact [14, 15, 16, 17, 18, 

19], since the ground contact depends on the material of the 

landing area, which is hardly to be improved. The research data 

from Yang [4] shows that a majority of the pedestrian accidents 

occurs while walking. In our previous work, [19], the authors were 

focused on the analysis of the human gait and its effect on the 

frontal crash with the vehicle [20]. The main effort was the analysis 

of the different gait postures and the walking speed of the 

pedestrian. The experimental measurement of the volunteer gait 

was used for identification of the particular body joints angles of 

rotation, see Figure 4.  

 
Figure 4: Angles of rotation in the human joints, Spicka et al. 

(2017) 

 

The human gait was afterwards divided into 9 phases, see Figure 5. 

 
Figure 5: Human gait phases  

 

Consequently, the pedestrian was also rotated around the vertical 

axes, to capture the effect of the different directions of impact, see 

Figure 7. Authors used simple multibody structure of the external 

car-bonnet shape (m = 1200 kg, v0 = 45 km/h) with the validated 

virtual springs and dampers [11, 21], to preserve the calculation 

time as shortest as possible, see Figure 6 and Figure 7. 

 

 
Figure 6: Configuration of the testing collision 

 

 

 
Figure 7: Initial posture of the pedestrian with respect to the car 

 

Such analysis shows, how the initial posture of the pedestrian 

(especially position of the upper end lower extremities) can affect 

the overall kinematics and injury of the human.  

 

3.2. Accident reconstruction  

 

Next application example is a reconstruction of a real traffic 

collision between the car and the pedestrian. The specific 

pedestrian (defined by age, gender, size and mass) including her 

injury as well as the car (make and model, and the photo from the 

accident) were available. The accident protocol contains a 

description of the car damage and the injuries sustained by the 

pedestrian. The effort of the accident reconstruction was not only to 

meet the damage of the vehicle (shape and maximal bonnet 

intrusion), but also the pedestrian injury. 

 

The goal was to find the initial position, that could result in such 

pedestrian injury and the car deformation and to test, if the 

available conditions could meet such results with the advantages of 

the numerical modelling. The defined accident involves the car 

Skoda Roomster 1.4 (the mass = 1205 kg, the dimensions 4.2 x 1.7 

x 1.6 m and the initial velocity v0 = 30 km/h) hitting the pedestrian 

(female, 77 years old, mass = 70 kg, the height = 167 cm) from her 

left side. The injury sustained by the pedestrian is summarised as 

follows, together with Abbreviated Injury Score (AIS) [22], see 

Figure 8: 

 

 

 

 

 Head contusion. 

 Scapula fracture. 

 Fracture of 3rd - 8th left ribs. 

 Abruption of the L1 vertebra. 

 Left ankle fracture. 

 Left subtalar joint fracture. 

 Left knee contusion and abrasion. 

 Total injury severity score ISS = 14. 

 

Figure 8: Pedestrian injury 

 

The damage of the car was only on the frontal part, 

mainly the right corner of the bonnet. The deformation of the 

frontal part of the car, i.e. the bonnet and the bumper, as well as 

overall configuration of the accident are highlighted in Figure 9. 
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Figure 9: Deformed Skoda Roomster bonnet 

 

The goal was the reconstruction of the real collision with respect to 

the given initial conditions, which requires not only the pedestrian 

dynamics and injuries, but also the car damage to be as close to the 

real collision as possible. The exact position of the pedestrian was 

not known. However, with the advantages of the numerical model 

of the car, with the proper definition of the reinforcement and the 

materials, the authors met the injury of the female as well as the 

damage of the car in the certain level of accuracy.  

The calculated head injury criterion (HIC) results in value 

equalling to 235, which corresponds to AIS 1 - 2 (which is in 

agreement with the accident protocol). The maximal calculated 

bonnet deformation was 4 - 5 cm.  

 

3.3. Tram design safe for pedestrian 

 

Virthuman model finds its advantages also in the railway vehicles 

passive research. The main point of this research is to reduce the 

severity of the consequences of a collision between a tram and a 

pedestrian. The work of Špirk [23] has tended to a new tram safety 

system as a proposal from the pedestrian, passenger and driver 

points of view, and connected with the preparation of a new tram 

regulation [24]. Such regulation defines the shape of the front end 

of the tram, as well as the collision scenario (initial velocity of 20 

km/h) to be tested. The position of the pedestrian with respect to 

the tram is also specified. For assessment of the tram geometry, it 

is necessary to investigate in the various shape of tram face by the 

numerical simulations. The tram face can be divided into the finite 

number of linear planes with the finite number of shapes [23]. Each 

flat surface has its own stiffness, damping and slope (inclination 

angles: Bws and By). Špirk in his work [25] used the definition of 

the segmented tram front face based on the regulation and brought 

a sensitivity analysis of the two main variables (the angles BY) on 

the HIC changes, see Figure 10 and Грешка! Източникът на 

препратката не е намерен..   

 

   
Figure 10: Profile view of the tram the angles (left) and bar plot of 

the two main variables of the tram shape onto HIC value (right) 

 

During the tram design optimization, the authors were focused also 

on the influence of the lateral position of the pedestrian with 

respect to the tram, see Figure 11. The collision of the tram and 

pedestrian usually consists of scenario of pulling the pedestrian 

under the vehicle. Thus, the regulation defines the safety 

mechanism of the tram in the way, that the pedestrian cannot be 

pull under, moreover, it must be thrown latterly from the tram, not 

to be override after the landing.  

 
Figure 11: Pedestrian initial positions with respect to the tram 

4. Discussion 

 

The virtual human body model Virthuman presented in this 

paper shows its benefit in the road traffic field with the focused on 

the pedestrian. This work introduces the model in the several 

collision scenarios, occurring in the real world of traffic. It was 

shown, that the Virthuman model is a suitable and efficient tool in 

the modelling of the crashes between pedestrian and vehicle. The 

model was built based on hybrid approach, i.e. combination of 

finite element and multibody methods. Hence, it cannot provide 

detailed deformations and stress, of all the issues, as FEM can. 

However, with the advantage of injury prediction algorithm, it can 

result with the prediction of injury probability, which can be 

sufficient data in the numbers of applications. Moreover, with the 

benefit of the multibody structure, such model is easy to set-up in 

any initial position/posture of the human and thanks to the scaling 

algorithm, the variation of the population size, age and gender can 

be captured here.  

 

5. Conclusion 

 

This work introduced numerical model of the human called 

Virthuman as a useful tool for the pedestrian modelling. Such 

model takes advantages of the combine approach (MBS + FEM).  

Multibody method gives to the model benefit of scaling and 

positioning algorithm, while the deformable finite elements bring 

the local deformability to the model. The injury prediction 

algorithm is based EuroNCAP.  

 

The previously described model Virthuman was used in the 

modelling of various road traffic scenarios consist of the 

pedestrian. Firstly, the model was used in the sensitivity analysis of 

the pedestrian gait on the collision (kinematics, dynamics and 

consequently the sustained injury). The second application of the 

Virthuman was the reconstruction of the real car to pedestrian 

accident, modelled based on the accident protocol only. The aim 

here was to use the provided data (pre-collision scenario, car make 

and model, the particular pedestrian, the car damage and the 

pedestrian injury) and numerically reconstruct the defined accident 

and to test, if the provided input data can meet the required output. 

The last example of the possible application of this model was the 

collision of the pedestrian with the tramway. The effort here is 

development of the tram front end, which could be safe for the 

human in case of accident.  

However, the presented model is not limited only for the 

applications showed above. It can find the new purpose, not only in 

pedestrian and traffic industry. It has been successfully used also 

for small children modelling, which is generally taught task.  
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