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The article deals with the validation of the pedestrian simulation 
model as the initial study for future virtual testing of the tram 
front-end. The vision of virtual modeling approval is the main 
motivation of the study. The biofidelity of existing models was 
the subject of volunteer tests. The data are utilized for 
assessment of both adapted real anthropomorphic test device 
and presented simulation models created by means of 
commercial computer systems LS-DYNA and RADIOSS. 
Two basic tram front-end geometry were used in the pedestrian 
collision simulations. The resulting physical data are presented. 
The article demonstrates the complexity of the problem under 
study [Margaritis 2007] and confirms the correctness of the 
segment testing used in the automotive area. 
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1 INTRODUCTION 

Currently, a new standard regulating vehicle end design for 
trams and light rail vehicles with respect to pedestrian safety is 
under preparation [CEN/TC 256 2020]. The standard expects 
using of a validated ATD (=anthropomorphic test device, 
generally called “crash test dummy”) [Wismans 2014], [Wismans 
2000]  simulation model to evaluate front-end influence on the 
pedestrian where the ATD is standing sideways to the tram front. 
A validation process of the ATD simulation model against existing 
physical ATD was proposed and practically performed to meet 
this aim. Commercially available ATD models are considered 
because the meeting of the new standard requirement should 
not be limited to software development capabilities of ATD 
simulation model modification. 
At the beginning of this work, there was a physical ATD JASTI in 
a sitting position [LS-Dyna 2023b] (Hybrid-III50th Percentile 
Male ATD certificated for front impact) in ownership of the 
Department of Anatomy and biomechanics, Faculty of Physical 

Education and Sport, Charles University. The mentioned ATD 
was equipped by the pedestrian kid to provide a physical ATD in 
a standing position, but without certification. Therefore, some 
tests to compare the mechanical behavior of the physical 
standing ATD and physical human were performed 
[Tomsovsky 2022]. In parallel, human body models (HBM) are 
developed. 
As a next step of work, a series of physical standing ATD collision 
tests impacted by a tram were performed [Tomsovsky 2019]. 
Front and side impacts were performed using five types of trams. 
Impact velocities of 5, 10, 15, and 20 km/h as the initial 
conditions [Kovanda 2021] were considered. 
Contemporaneously, finite element simulation models of these 
collision tests were prepared, and appropriate simulations were 
provided. Comparing of the results is given below. LS-Dyna 
solver and Radios solver incl. appropriate ADT simulation models 
were used. Some additional tests of the tram laminated 
structures [Jezdik 2021] and windscreen glass [Jezdik 2019] were 
provided to obtain the correct properties for modeling. 

2 ATD AND ITS MODELS  

2.1 Physical ATD 

Only one Hybrid-III-50th Percentile Male ATD with a Pedestrian 
kit from Jasti was available for the entire research, see fig. 1. It is 
therefore an ATD representing a pedestrian and intended 
primarily for frontal impacts, it is 172 cm tall and weighs 80 kg. 
The ATD passed certification [Jasti 2015] in a sitting position 
before measurements and after the replacement of parts 
damaged during tests. The ATD is fitted with built-in calibrated 
3D inertial sensors, 3D dynamometric load cells, and a DTI 
acquisition system from Kistler. The total weight of the ATD, as 
well as their individual segments, remained intact even when the 
measuring devices were installed. CrashDesigner software was 
used to record and process measured data. 3-axis 
accelerometers and gyroscopes were placed in the ATD 
approximately at the centers of gravity of the head, chest, and 
pelvis. Furthermore, 3-axis force meters and torque meters in 
the areas of the spine C1, C7, Th8, and S5, the centers of the 
femurs, and the distal ends of the tibias. The entire system 
recorded data at a frequency of 20 kHz, for up to 1 minute. Just 
before each measurement, the sensors were always balanced in 
the vertical position of the ATD and always also measured in the 
static horizontal position, for the possibility of calculating the 
absolute values of a load of individual segments. No hardware or 
software filters were applied to the recording prior to the 
calculation of the evaluation parameters. 
Two portable 3D dynamometers 9286BA with a scanning 
frequency of 20 kHz were also used for accurate recording of the 
reaction forces between the surface and the ATD. 
The kinematics of the ATD's movement were recorded by the 
Qualisys 3D mocap system (500 fps) and two high-speed 
cameras Photron SA-X2 - 10,000 fps (sagittal view, Nikkor lens 
50/f1.2) and Redlake HG-100k - 1000 fps (dorsal view, Nikkor 
lens 500/f4). 
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Figure 1. Hybrid III 50th Percentile Male Pedestrian ATD. Source: 
[Jasti 2023] 

As already described above, our ATD is intended primarily for 
frontal impacts in a sitting position, for which it is also calibrated. 
As a frequent case of a collision between a tram and a pedestrian 
is also a side impact (see [Tomsovsky 2019] and 
[Tomsovsky 2022]), it was advisable to carry out validation 
experiments for this case as well. To increase the credibility of 
this process (biofidelity), we also validated the side impact ATD 
by comparing it with live probands. For obvious reasons, these 
experiments were performed only for low loads. The principle of 
validation consisted in the identical impact loading of the 
manikin and live probands. The load was implemented with a 
pendulum impactor weighing 5 kg and 4-speed levels, but a 
maximum of 2 m/s. Validation was performed for side and 
frontal impacts as well, see fig. 2. The recordings of the same 
accelerometers placed at the back of the head and Th8 on the 
spine were compared. 20 living probands participated in the 
study. Impact loads to the forehead and side of the head, 
shoulder, and thigh from the side and chest from the front were 
compared. The rated parameters were the maximum achieved 
acceleration values and values corresponding to HIC calculations 
from the recording of both 3-axis accelerometers (MMF 
KS963B100, Dewesoft Sirius acquisition, acquisition frequency 
20 kHz). The maximum acceleration values of the head and chest 
were 30 to 50 % higher for ATD for all impacts to the head, chest, 
and thighs. When using the HIC comparison criterion, the 
differences were even lower. A surprising exception is the case 
of impact to the upper arm from the side, where the results of 
the ATD and the live probands are almost identical. In particular, 
the results show that the ATD has the same properties for side 
and front impacts, so it is also applicable for our side crash tests. 
But overall, the ATD is slightly stiffer with lower damping 
capabilities. The estimated damage to living creatures will most 
likely be lower than crash tests with our ATD prediction. The 
results of the experiments will be published in the near future. 
The study contributes to road safety in terms of 
[Safety conference 2020] in terms of more profound knowledge 
of injury mechanisms and the influence of the vehicle structure. 
The aim of the Stockholm Declaration is to reduce the number 
of fatalities to 50 % in 2030 compared to 2020. 

 

   

Figure 2. Hybrid III 50th Percentile Male Pedestrian ATD (not 
certificated) and proband 

2.2 ATD simulation model in LS-Dyna 

The LSTCH3.103008 V1. RigidFE 50th model of the standing ATD 
was used. The total mass of the model is 78.7 kg (calculated by 
preprocessor Ansa). Fig. 3 shows the entire ATD model and parts 
of the ATD model modeled using individual materials. It is 
possible to see that rigid material (*MAT_RIGID) is used to take 
into account limbs, pelvis, collar bones, and vertebrae. Elastic 
material (*MAT_ELASTIC) is used for modeling soft tissues of 
limbs and the chest area around the neck. Low-density foam 
material (*MAT_LOW_DENSITY_FOAM) represents soft tissues 
of the knees, chest, and pelvis surface. The stiffness of the head 
and chest piece is represented by viscoelastic material 
(*MAT_VISCOELASTIC). Parts modeled by plastic material with 
kinematic hardening (*MAT_PLASTIC_KINEMATICS) reinforce 
ribs and represents ATD shoes. Null (*MAT_NULL) material is 
used for contact on the neck and chest surfaces. 
 
 

 

Figure 3. Entire LS-Dyna ATD model and parts of the ATD model 

modeled using individual materials 

Revolute joints (*CONSTRAINED_JOINT_REVOLUTE) are used to 
simulate vertebrae connections (cranium-C1, C7-Th1), shoulder 
joints, and connection of the collarbone to the sternum. 
Spherical joints (*CONSTRAINED_JOINT_SPHERICAL) are used as 
intervertebral, elbow, knee wrist, and ankle joints. Translational 
movements of chest parts are represented by means of 
*CONSTRAINED_JOINT_TRANSLATIONAL. Stiffness of joints is 
considered as generalized via 
*CONSTRAINED_JOINT_SSTIFFNES_GENERALIZED keyword. 
Automatic contact definitions 
(*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE) are used for 
parts in potential contact. 
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2.3 ATD simulation model in Radioss 

For the Radioss solver, a standard Radioss ATD of a 50th 
percentile male (see fig. 4) was used and modified based on the 
impact tests performed. The weight of the individual parts of the 
simulation ATD model was adjusted based on the weight of the 
physical ATD parts, resulting in a total weight of 79.0 kg. The 
main skeleton of the simulation ATD model which attaches the 
muscle element to itself is made up of rigid elements RBE2. The 
muscle part of the simulation ATD model is modeled with visco-
elastic foam using a generalized Maxwell-Kelvin-Voigt model 
where the viscosity is based on the Navier equations. The whole 
simulation ATD model is covered with skin. It is a 2D element 
with a Johnson-Cook material model. There are no muscle 
elements on the palms below the surface elements, which is 
compensated by the choice of a stiffer material. The skin 
element originally used at the joint locations has been removed 
based on validation work to be more faithful to the stiffness of 
the joints. Conversely, a joint mechanism was inserted between 
the previously rigidly joined thoracic and pelvic parts. 
 

 

Figure 4. Entire RADIOSS ATD model and parts of the ATD model 
modeled using individual materials 

The stiffness of individual joints was subjected to very intensive 
validation, and a strongly non-linear characteristic was chosen in 
all cases. 

3 COLLISION SCENARIOS 

The collision scenarios was based on the scenario A given in the 
technical report [CEN/TC 256 2020]. There is prescribed a lateral 
collision of a tram front end towards the impacted standing 
pedestrian (50th percentile male ATD) in the report 
[CEN/TC 256 2020]. A front impact is also considered as the ATD 
is primary designed for this orientation. The collision speed of 20 
km/h prescribed in [CEN/TC 256 2020] is considered as the 
maximum one. 
 

 

Figure 5. Collision scenarios under consideration. Blue point is the ATD 

center of gravity projection 

Two collision scenarios were tested and modeled, see fig. 5. The 
first was the front impact, the second was the side impact where 
the ATD left shoulder is oriented to the tram. Impact velocities 
v = 5, 10, 15 and 20 km/h were considered. The distance of ATD 
center of gravity projection (the blue point in fig. 5) towards the 
axis of the track is denoted by letter y. The lateral distance of 
ATD shoes is marked with b. 

4 REAL TESTS WITH PHYSICAL ATD 

Five tram types were available for real tests in Prague Transport 
Company (DPP): 14T, 15T, T3, KT8 and T6. From the point of view 
of this project, the type T6 is similar to the type KT8. Moreover, 
the type T6 was decommissioned in Prague during realization of 
this project. The full test program was realized for types 14T, 
15T, T3, KT8, but it was reduced for the type T6 due to this 
reason. 
Real tests were carried out on the test track of DPP yard in 
Prague-Hostivar. One front and one lateral impact were realized 
for each of the four above-mentioned velocities. Accelerometers 
and gyroscopes were used to record the behavior of head, chest, 
and pelvis center of gravity. Vertebrae (C1, C7, TH5, L5, and S5), 
femurs, and ankles were equipped with load cells. The ATD was 
supported by a load cell plate to identify reaction components 
due to the ground in the initial position. The motion of the ATD 
was recorded by two high-speed cameras (front and lateral view) 
and by QUALISIS system. The system monitors trajectories of 
markers (small balls) connected to the observed object (the ATD 
and the tram) via a set of cameras. 
Fig. 6 shows the ADT prepared in position on the front impact by 
T3 type tram (left) and on the lateral impact by 14T type tram 
(right). The data cable connected to the ATD was disconnected 
just before the impact. 
 

   

Figure 6. Examples of test setup (before disconnecting of the ATD data 
cable). T3 – front impact (left), 14T – lateral impact (right) 

5 SIMULATIONS 
Two numerical models were used to simulate each of the above-
mentioned impacts. The finite element method with explicit 
time integration was used in both cases. 
The first numerical model (= Model 1) was provided by means of 
LS-Dyna solver [LS-Dyna 2023a]. The ATD model described in par. 
2.2 was used for simulations. Models of individual trams’ front 
ends were prepared via ANSA preprocessor for the first model. 
The second numerical model (= Model 2) was provided by means 
of Radioss solver [Altair 2023]. The ATD model described in par. 
2.3 was used for simulations. Individual trams’ front ends were 
prepared via HYPERMESH for the second model. 
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The parts of the tram front end surfaces influencing contact with 
the ATD model were considered as deformable. Other parts of 
high stiffness were modeled in a simplified manner as a rigid 
body. The influence of gravity acceleration was respected in 
simulations. 
There are shown Model 1 (used for T3 tram front impact 
simulation) and Model 2 (used for 14T tram lateral impact 
simulation) as examples in fig. 7. 

 

Figure 7. Examples of simulation models. Model 1 used for T3 tram 
front impact simulation (left) and Model 2 used for 14T tram lateral 

impact simulation (right)  

6 RESULTS 
For purposes of the validation, the T3 tram type was selected as 
a representative of the old tram front-end design, i.e. design 
with a negative front contour slope of the lower half. Similarly, 
the 14T tram type was selected as a representative of modern 
tram front-end design, i.e. design with mainly positive front 
contour slope. See fig. 8. 

 

Figure 8. T3 (left) and 14T (right) frontend slope  

 
There are presented accelerations in the following graphs 
obtained by testing and numerical simulation via Model 1 and 
Model 2, respectively. 
Local acceleration component x (longitudinal component) of the 
head is presented in the case of the front impact, see fig. 9 and 
11. The signals were shifted in time with respect to each other 
to have aligned their peaks of head acceleration. Local 
acceleration component y (lateral component) of the pelvis is 
presented in the case of the lateral impact, see fig. 10 and 12. 
The signals were shifted in time with respect to each other to 
have aligned their peaks of pelvis acceleration. Both acceleration 
signals from tests and acceleration signals from simulation were 
filtered by a 300 Hz lowpass filter. 
Head performance criterion was evaluated for the acceleration 
component x for the front impact, see tab. 1 and 6. HPC was used 
as a tool for signal comparison in this case. The results of HIC 
(volunteers) and HPC (ATD) correlate well in the low level of AIS 

(Abbreviated Injury Scale) and there is a presumption of the 
close bond even of real injury level [Hozman 2014, 2017]. 
Moreover, peaks of the acceleration components and 
correlation coefficients are presented for front impact in tables 
2, 3, 7 and 8, for lateral impact in tables 4, 5, 9 and 10. 
 

 

 

Figure 9. Tram T3, Front impact, Head acceleration in local direction X 
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Figure 10. Tram T3, Lateral impact, Pelvis acceleration in local 
direction Y 

 

 

 

 

 

 

 

 

 

 

 

 

 

Velocity 
[km/h] 

HPC 

Model 1 Model 2 Test 

5 54 8 24 

10 337 46 54 

15 882 128 108 

20 1731 347 272 

Table 1. Tram T3, Front impact, HPC 

 

Velocity 
[km/h] 

Acceleration peak [g] 

Model 1 Model 2 Test 

5 52 25 37 

10 108 36 49 

15 156 77 49 

20 210 132 118 

Table 2. Tram T3, Front impact, Peak of head acceleration in local 
direction X 

 

Velocity 
[km/h] 

Correlation coefficient [-] 

Model 1 vs. Test Model 2 vs. Test 

5 0.795 0.956 

10 0.721 0.907 

15 0.586 0.863 

20 0.725 0.840 

Table 3. Tram T3, Front impact, Correlation of head acceleration in local 
direction X  

 

Velocity 
[km/h] 

Acceleration peak [g] 

Model 1 Model 2 Test 

5 6 9 7 

10 21 18 17 

15 37 33 32 

20 54 45 54 

Table 4. Tram T3, Lateral impact, Peak of pelvis acceleration in local 
direction Y 

 

Velocity 
[km/h] 

Correlation coefficient [-] 

Model 1 vs. Test Model 2 vs. Test 

5 0.725 0.691 

10 0.705 0.772 

15 0.753 0.795 

20 0.828 0.838 

Table 5. Tram T3, Lateral impact, Correlation of pelvis acceleration in 

local direction Y 
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Figure 11. Tram 14T, Front impact, Head acceleration in local 

direction X 

 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 12. Tram 14T, Lateral impact, Pelvis acceleration in local 

direction Y 
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Velocity 
[km/h] 

HPC 

Model 1 Model 2 Test 

5 27 <1 12 

10 104 72 52 

15 180 37 109 

20 329 266 309 

Table 6. Tram 14T, Front impact, HPC 

 

Velocity 
[km/h] 

Acceleration peak [g] 

Model 1 Model 2 Test 

5 32 2 19 

10 55 35 42 

15 69 34 62 

20 85 74 107 

Table 7. Tram 14T, Front impact, Peak of head acceleration in local 

direction X 

 

Velocity 
[km/h] 

Correlation coefficient [-] 

Model 1 vs. Test Model 2 vs. Test 

5 0.743 0.564 

10 0.754 0.921 

15 0.777 0.936 

20 0.597 0.679 

Table 8. Tram 14T, Front impact, Correlation of head acceleration in local 
direction X 

 

Velocity 
[km/h] 

Acceleration peak [g] 

Model 1 Model 2 Test 

5 7 6 5 

10 22 12 17 

15 37 18 29 

20 56 25 42 

Table 9. Tram 14T, Lateral impact, Peak of pelvis acceleration in local 
direction Y 

 

Velocity 
[km/h] 

Correlation coefficient [-] 

Model 1 vs. Test Model 2 vs. Test 

5 0.778 0.855 

10 0.784 0.956 

15 0.879 0.875 

20 0.876 0.926 

Table 10. Tram 14T, Lateral impact, Correlation of pelvis acceleration in 
local direction Y 

7 DISCUSSION 

The physical ATD JASTI in a sitting position (Hybrid-III50th 
Percentile Male ATD certificated only for front impact [LS-Dyna 
2023b]) was equipped by a pedestrian kid to obtain a physical 

ATD in a standing position, but without certification. This brings 
some uncertainty about ATD behavior not only in the case of the 
front impact but mainly in the case of the lateral impact. The 
main problem is the stiffness of shoulder of the ATD. The 
shoulder is represented by metal lug. Comparing the human 
body, it is too stiff in lateral direction. The same problem is in 
connectin of the shoulder’s lugs of the ATD. There was an 
attempt to compensate this imperfection via validation of the 
physical ATD against a live volunteer. It was done by means of 
small impacts series. The range of mentioned validation was, of 
course, limited to keeping the volunteer’s health. 
The LS-Dyna ATD model (LSTCH3.103008 V1. RigidFE 50th – 
standing) is based on the respective Hybrid III ATD. It is a BETA 
version without certification and brings some uncertainty about 
the model behavior. The standard Radioss ATD of a 50th 
percentile male was used and modified based on the impact 
tests performed. It means the model has no certification. 
There are differences in the signal peak size and HPC of the 
acceleration obtained via tests and via simulations. Models of 
the tram front-end structures are based on the measured 
properties. This is the reason why it is expected that differences 
are on the side of ATD models, i.e. the local stiffness of the ATD 
and its simulation models are different. The stiffness of 
intervertebral joints can influence head acceleration in case of 
lateral impact when the only shoulder is in contact with the tram. 
The signals were shifted in time with respect to each other to 
have aligned their peaks of head acceleration for front impact 
and to have aligned their peaks of pelvis acceleration for lateral 
impact. There was the same time shift for all signals of each 
particular scenario. The peak time differences of chest and pelvis 
accelerations in case of front impacts and the differences of head 
and chest accelerations in case of lateral impact are given mainly 
by different positioning of ADTs (see [Jezdik 2023]) because the 
results are significantly sensitive to it. Moreover, it is influenced 
by the above-mentioned differences in stiffness, because they 
influence the movement of the ATD. 

8 CONCLUSIONS 

Experiences from tests and appropriate simulations show that it 
is possible to ex-post set parameters of the ATD model to 
achieve behavior corresponding to physical ATD. Generally, it is 
not possible to predict the behavior of the entire physical ATD 
via simulation. The simulation results are quite sensitive to the 
positioning and local stiffness of the ATD. 
The real test realization using the entire ATD is expensive and 
time-consuming. Moreover, there is no standing physical ATD 
with certification. The repeatability of such tests is also 
problematic. 
Due to this reason, it is recommended to evaluate the influence 
of the front-end tram structure on pedestrians by means of 
methods used in the automotive industry. It means to test the 
tram front end via independent body segments representing 
parts of the human body, see [EC Regulation 78/2009]. 
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