
April 2022, Vol. 22, No. 2 MANUFACTURING TECHNOLOGY ISSN 1213–2489

 

indexed on: http://www.scopus.com 139  

DOI: 10.21062/mft.2022.024 © 2022 Manufacturing Technology. All rights reserved.  http://www.journalmt.com

Kinematic Analysis and Head Injury Criterion in a Pedestrian Collision with a 
Tram at the Speed of 10 and 20 km.h-1 

Ondřej Fanta (ORCID ID: 0000-0001-9978-9221)1,3, Frantisek Lopot (ORCID ID: 0000-0001-9955-0261)1, Petr 
Kubový (ORCID ID: 0000-0001-7634-2910)1, Karel Jelen (ORCID ID: 0000-0002-8151-9810)1, Dita Hylmarová 
(ORCID ID: 0000-0002-7791-4332)1, Martin Svoboda (ORCID ID: 0000-0002-7344-1531)2 

1Faculty of Physical Education and Sport, Charles University. José Mártího 31, 162 00 Praha 6 – Veleslavín. Czech 
Republic. E-mails: fantao@seznam.cz, lopot@ftvs.cuni.cz, kubovy.petr@seznam.cz, jelen@ftvs.cuni.cz, dita.hyl-
marova@gmail.com 
2Faculty of Mechanical Engineering, Jan Evangelista Purkyně University in Ústí nad Labem. Pasteurova 3334/7, 
400 01 Ústí nad Labem. Czech Republic. E-mail: martin.svoboda@ujep.cz 
3Výzkumný Ústav Železniční, a.s. Novodvorská 1698, 142 01 Praha 4. Czech Republic. E-mail: fantao@seznam.cz 
Tel.: +420 602 693 309 

The issue of accident analysis in relation to railway vehicles of urban mass transportation is highly ac-
centuated at the moment. In terms of designing the frontal area of trams, adequate attention should be 
paid to the optimal front end design in order to reduce the risk of pedestrian injury. The properly used 
shape and materials can minimize the consequences of the pedestrian’s contact with the vehicle, or the 
eventual dragging of the pedestrian under the vehicle. For the front end to be tested and optimized, it is 
necessary to develop and validate a pedestrian model for performing calculations even in the design pre-
paration stage. From a historical perspective, impact tests and pedestrian protection were not paid sig-
nificant attention. There should also be a methodology for data collection and evaluation across the pu-
blic transit company. The data collected within the Czech Republic is inconsistent and hard to analyze. 
At the beginning of our research, we addressed the question of which dummy configuration with respect 
to the tram is most appropriate for our crash tests. 
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 Introduction 

Various literature indicates a connection between 
the starting standing posture and the direction of a fall 
and the severity of the resulting head injury. For 
example, the work [1] performed measurements with 
a Hybrid III anthropomorphic test dummy (ATD) for 
forward, back, and lateral falls. They obtained kinema-
tic data as well as data from force plates and head ac-
celerometers. HIC 15 was used as an injury predictor. 
For the lateral fall, the mean values of the maximum 
translational acceleration (206 g for women and 355 g 
for men) and HIC 15 (598 for women and 2,128 for 
men) were relatively lower as compared to falls in the 
forward and back directions. [1] 

The biomechanical criterion of injury is an empiri-
cally deduced mathematical term that is determined 
based on the comparison of the physical quantities 
and severity of the injury caused by the action of such 
forces. A number of criteria were gradually determi-
ned. 

The basic biomechanical criteria for injuries to hu-
mans, including passenger car drivers, are set based on 
the biomechanical injury criteria. The most frequently 
used scale for injury evaluation is AIS – Abbreviated 

Injury Scale [2]. AIS expresses the severity of injury on 
a scale from 0 to 6, and unknown cases are classified 
at 9. Bullets below contains the injury severity by indi-
vidual body region according to AIS [2]. 

AIS points: 
 0 – no injury  

 1 – minor injury  

 2 – moderate injury 

 3 – serious injury – not life-threatening  

 4 – severe injury – life-threatening, survival 
probable 

 5 – critical injury – survival uncertain  

 6 – maximal injury – impossible to survive, 
fatal injuries 

 9 – unknown injury 
The head is the most critical part of the human 

body in terms of the injury severity and frequency. The 
declared average weight of the head for 50% of the 
male population is 4.54 kg, and the average moments 
of inertia are Ixx = 0.0220 kg·m2, Iyy = 0.0242 kg·m2, 
and Izz = 0.0159 kg·m2.  

HIC – Head Injury Criterion – is the criterion most 
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frequently applied for the assessment of a head injury 
in vehicle crash tests. In the period of a high number 
of destruction tests of passenger cars, it was the input 
for calculating the course of acceleration on the 
dummy’s head. The criterion value was determined 
from the given time interval of the total acceleration. 
The time interval of 36 ms, resp. 15 ms, is determined 
from the area of the course of the maximum accelera-
tion values. This is the maximum area under the curve 
created by the superposition of all three axes of acce-
leration over time. The final value HIC36 is used if the 
head did not come in contact with the fixed part of the 
vehicle, and the time interval HIC15 is used if there is 
contact with the head.  

The final value of HIC or its alternative HPC 
(Head Performance Criterion) should not exceed 1 
000, which is considered the limit for a personal injury 
with the following criteria [3,4]: 

 18% probability of a serious head injury for 
an average adult; 

 55% probability of a severe head injury for an 
average adult; 

 90% probability of a moderate head injury for 
an average adult. 

The National Transportation Biomechanics Re-
search Center (NTBRC), however, recommends ad-
justing this interval for calculation to t = 15 ms and 
adjusting the existing limit value of HIC to 700. An 
injury to the cervical spine often correlates with the 
head load. The research as such and cervical spine mo-
dels are the subject of relatively recent research. 

 

Fig. 1 The WSU Curve 
 
The head (human brain) load limits are determined 

by the WSU (Wayne State University) curve that indi-
cates the translational deceleration of the head a [m.s2] 

depending on the time of action t [s]. The WSU curve 
is shown in Fig. 1. The curve divides the area into two 
parts. The values situated above the WSU curve are 
assessed as life-threatening. The values situated under 
the curve are assessed as tolerable values. This curve 
is determined only for a frontal crash onto a flat sur-
face, but it was used to determine the limit of 80 g for 
a duration of 3 ms [5]. 

Further, the Severity Index (SI) is used and was de-
termined based on the WSU curve. It determines the 
value of SI = 1 000 as the survival limit. The actual SI 
value is calculated using the following formula: 

𝑺𝑰 ൌ න 𝒂𝒓
𝟐,𝟓

𝒕

𝟎
𝒅𝒕, (1)

Where: 
t…The end of impact [s], 
ar...The final value of deceleration in the directions 

of axes x, y, and z [m.s-2]. 
Neck Injury Criterion (NIC). As a cervical spine 

injury is caused by the moment induced by the head 
inertial force, NIC monitors the correlation between 
the injury and liquid flow (gradient) inside the cervical 
spine. The limit value for this NIC criterion is fixed at 
15 m2.s-2. The moment of neck flexion around axis y 
must be below 57 Nm [6]. 

𝑵𝑰𝑪 ൌ 𝒂𝒓 ∙ 𝟎, 𝟐 ൅ 𝒗𝒓
𝟐, (2)

Where: 
ar...The head acceleration [m.s-2], 
vr...The velocity of the head center of gravity [m.s-1]. 
There are also the recommended values for the 

maximum moment of flexion determined for cervical 
spine injuries: 

 Front flexion - 50.2 Nm  

 Back flexion - 20.3 Nm  

 Lateral flexion - 47.5 Nm   
Another possible criterion is 3 MS (three-millise-

cond criterion). This criterion states that the cumula-
tive acceleration exceeding 60 g, measured at the test, 
shall not last for more than 3 ms. This is the simplest 
criterion based on the measurement of a single quan-
tity and is applicable to a number of biological tissues, 
organs, and sub-systems. 

This section contains the commonly-used criteria 
for determining an injury to the head or cervical ver-
tebrae. There are a number of other criteria, such as 
NIJ (Normalized Neck Injury Criterion), ThPC (Tho-
rax Performance Criterion), TTI (Thoracic Trauma 
Index), CTI (Combined Thoracic Index), ThCC (Tho-
racic Compression Criterion), and others which, 
however, mostly deal with other parts of the body and 
mainly serve as the criteria for vehicle crash tests [7–
8]. 

There is a new issue of using noise-cancelling he-
adphones. Based on information from the Police of 
the Czech Republic, there were 76 fatal accidents and 
245 severe injuries related to a tram collision with a 
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pedestrian in the period from 1 January 2007 to 1 July 
2020 [9]. 

Our project dealt with the analysis of statistical in-
formation about accidents. Based on all identified 
data, the best configuration for the crash test with a 
dummy was selected for obtaining real-time respon-
ses. This output will be used to validate the finite ele-
ment model of a pedestrian for a specific model situ-
ation so that it can further be used for the verification 

of values in the development of new tram types.  
A pre-experiment was conducted in the second 

phase in order to test the reality of performing the se-
lected configuration and selected speeds, as well as to 
test the measuring equipment and validity of output 
values. This paper, therefore, deals with this pre-expe-
riment, the observations of which will be used to com-
pile a set of final crash tests and to determine the range 
of biomechanical criteria. 

The severity of injury is assessed most often using the Head Injury Criterion (HIC), defined as follows: 

𝑯𝑰𝑪 ൌ ൜ሺ𝒕𝟐 െ 𝒕𝟏ሻ ቀ 𝟏

𝒕𝟐ି𝒕𝟏
׬ 𝒂ሺ𝒕ሻ𝒅𝒕

𝒕𝟐

𝒕𝟏
ቁ

𝟐,𝟓
ൠ

𝒎𝒂𝒙
, (3)

Where: 
a(t) …The final value of head acceleration, 
t1, t2...The variables for the start and end time in-

tervals during which HIC achieves the maximum va-
lue. 

For controlling purposes, the maximum of interval 
t1 and t2 is fixed at 15, resp. 36 ms. The time interval 
used is then stated as the lower index by the abbrevia-
tion, e.g. HIC36. The head injury criterion (HIC) is 
used based on the proposal of the National Highway 
Traffic Safety Administration (NHTSA) of 1972 [10]. 

The issue of human load in the field of road trans-
port is currently a highly addressed topic [14-18]. 

 Methods 

The first set of crash tests was performed as the 
lateral hitting of a pedestrian by a KT8D5-type tram. 
This is a tram used by Dopravní podnik hlavního 
města Prahy (Prague Public Transport Company) and 
was manufactured by ČKD Praha, Tatra Smíchov 
Facility. It was manufactured in the period of 1986–
1993 in the quantity of 199 units. The tram without 
the couplers is 30,300 mm long, 2,480 mm wide, and 
3,145 mm high. The curb weight is 38,000 kg and the 
maximum speed is 65 km.h-1. 

The crash tests were conducted at the speed of 10 
and 20 km.h-1. It consisted of a direct lateral crash into 
the left third of the tram front end at the speed of 10 
and km.h-1 (see Fig. 2). Further, a lateral crash at the 
edge of the tram front end and side was conducted at 
the speed of 20 km.h-1 (see Fig. 3). The crash test was 
conducted under laboratory conditions in the test de-
partment of the Dopravní podnik hlavního města 
Prahy depot.  

We used a dummy of a typical representative of the 
male population (Jasti Hybrid III, 50th Percentile Male 
with Pedestrian kit), Hybrid III.  

Both the dummy and the tram front end were fit-
ted with a set of reflective points of the Qualisys sys-
tem for scanning 3D kinematic data. A set of 8 came-
ras with the recording frequency of 300 Hz was used. 

The entire scene was scanned by two high-speed ca-
meras from the side and oblique views. 

 Results 

The experiment can be evaluated by analyzing the 
data from the Qualisys system as well as by analyzing 
the high-speed camera recordings. 

A detailed analysis of the high-speed camera recor-
dings confirms some of the known patterns. In the 
starting crash action, the body forms a shape accor-
ding to the crash edge shape at the speed of 10 and 20 
km.h-1. The first contact occurs in the thigh and hip 
region. The body achieves the tram’s speed by means 
of a huge acceleration. Due to the high strength of the 
tram crash edge material, the entire energy is absorbed 
by the body. Subsequently, the head impacts the 
transition of the body and windshield. For the purpo-
ses of further analysis, we will consider the head im-
pact a secondary impact. The body is subsequently 
thrown forward, resp. it continues the forward mo-
vement, unlike the tram which had activated intensive 
braking. The tertiary impact follows, i.e. the impact of 
the body onto the ground. Upon impact at the edge of 
the tram front end and side, the body is thrown away 
crossways after the secondary head contact. 

 

Fig. 2 Direct lateral crash with the left third of the tram front 
end 
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Fig. 3 Lateral crash with the edge of the tram front end and 
side 

 
An analysis of the Qualisys system data enabled a 

reconstruction of the precise trajectory and speed of 
movement of the body and the impact edge (see Fig. 
4). It is obvious that after the initial dragging of the 
body by the tram, the body predictably continues mo-
ving forward, i.e. it is not thrown upwards. On the 
contrary, there is an obvious effect of friction between 
the skin and shoes. The course of speed is shown in 
Fig. 5, 6. Here, we shall mention the failure of the 
speed recording when it ends at time 0.5s for the speed 
of 20 km.h-1. This was caused by the improper setting 
of the time parameters for recording. For the purposes 
of interpreting the results, we shall mention that while 
the head and trunk speed sharply increased to the ma-
ximum value right after the primary contact at the 
speed of 20 km.h-1, the head speed records for the 
speed of 10 km.h-1 indicate a moderate increase of the 
speed after the secondary impact and then a rapid 
decrease thereof.  

 

Fig. 4 Reconstruction of the body movement and tram impact 
edge 

 

Fig. 5 Illustration of the time path of speed in the region of 
the head  

 

Fig. 6 Illustration of the time path of speed in the region of 
the navel 

 
The maximum trunk speed was 5.4 m.s-1 for 10 

km.h-1, 8.2 m.s-1 for 20 km.h-1 frontal crash, and 3.9 
m.s-1 at 20 km.h-1 lateral crash. The head achieved the 
maximum speed of 8.3 m.s-1 at the tram speed of 
km.h-1, 10.2 m.s-1  at the speed of 20 km.h-1 and lateral 
crash, and 4.3 m.s-1 at the speed of 20 km.h-1 and late-
ral crash. Therefore, there is a highly apparent accele-
ration of the head movement at the tram speed of 10 
km.h-1 caused by the rotary movement of the body – 
in the front-to-back plane, perpendicular to the tracks.    

 

Fig. 7 Illustration of the time paths of acceleration in the re-
gion of the head  
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Fig. 8 Illustration of the time paths of acceleration in the re-
gion of the navel 

 
Based on the head acceleration value (see Fig. 7, 8) 

we can conclude that the first acceleration peak occurs 
in course of the primary crash, which affects the me-
chanism of the injuries sustained. The acceleration 

increases with increasing speed. A major acceleration 
peak follows during the secondary crash. At the tram 
speed of 20 km.h-1, there is a very significant accelera-
tion peak apparent during the tertiary crash, i.e. upon 
contact with the ground, when this acceleration of the 
head is at the maximum value and, in terms of the in-
jury severity, this value is the most significant for the 
determination thereof.    

 Discussion 

In terms of the injury criteria, we analyzed the 
frontal crash for both speeds (see Fig. 9 and 10). 

At the speed of 10 km.h-1, the maximum accelera-
tion of 61 g was measured, the 3 ms injury criterion 
achieved the value of 59 g, and the HIC value was 386. 
With the correlation of the HIC value with the AIS 
table, we can conclude an eventual injury at the minor 
injury level. 

 

Fig. 9 Biomechanical head injury criteria for the speed of 20 km/h 
 
At the speed of 20 km.h-1, the maximum accelera-

tion of 86 g was measured, the 3 ms injury criterion 
achieved the value of 78 g, and the HIC value was 754. 
With the correlation of the HIC value with the AIS 
table, we can conclude an eventual injury at the mode-
rate injury level. However, the limit value of HIC 1 
000 was not achieved.  

With respect to the purpose of the experiment, i.e. 
to test the methodology of performing the crash test 
and verify the functionality of the sensors, a simple 
injury analysis was carried out using HIC. Further 

measurement will be performed using a three-axis ac-
celerometer, and the rotary acceleration will be analy-
zed as well. For the consequences of the direct impact, 
it has, however, been proven that HIC is an acceptable 
discriminator between a serious and moderate injury 
[11]. It also correlates with the risk of skull fracture 
[13]. For impacts from various directions, improper 
correlation between HIC and the injury severity was 
identified, as the head rotation, which is often the pri-
mary cause of various types of traumatic brain injuries, 
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was not taken into account [10]. The head injury crite-
rion including the head rotation was proposed as well, 
but it was never properly evaluated [12]. HIC predicts 
the risk of injury from an external mechanical head 
impact that can be measured directly from the crash 

test dummy, but it does not take into account the in-
ternal mechanical response. Besides, the individual ty-
pes of traumatic brain injuries are not distinguished 
[10-12].

 

Fig. 10 Biomechanical head injury criteria for the speed of 20 km/h 
 
The performance of the crash test can be conside-

red a success. The data used for conducting the kine-
matic analysis was scanned and can be used for the 
dummy validation. The speed data indicated the 
above-mentioned failure caused by a short measure-
ment. The results of the biomechanical head injury cri-
teria indicate realistic values, and we can conclude that 
the pre-experiment did not reveal a major defect for 
performing the final set of crash tests with a sufficient 
amount of data so that the required conclusions can 
be validated statistically. 
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