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The goal of the study was to conduct a preliminary analysis of the kinematics of tram-pedestrian
collision in case of a side impact. A T6A5-type tram, travelling at the speed of 10 km/h, was used
for the analysis and reconstruction of the collision. The pedestrian response was analysed using
a crash-test dummy. The postimpact dummy movement was approximated by the motion of its centre of
mass (COM) and only the translation movement in the frontal plane of dummy (along the horizontal and
vertical axes) was considered. The results showed a significant change of coefficient of restitution after
the initial impact. At first, the coefficient of restitution was high (e = 0.94), suggesting an almost perfectly
elastic collision, followed by a sharp decrease (e = 0.07) within a short period of time (¢ = 0.02 s) that
suggested an almost perfectly inelastic collision. After that, the coefficient of restitution reached a plateau
phase with the values ranging from 0.18 to 0.32 and corresponding to a percentage loss of kinetic energy
falling within 89 % and 97 %. The preliminary analysis of this study highlighted some features of side-
impact tram-pedestrian collision and its kinematics.
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1 Introduction

Pedestrians represent the most vulnerable group of
participants in traffic accidents and the public
transport is not an exception [1, 2]. Due to a growing
volume of public transport, general rush and pressure
of modern life, and also pedestrians‘ lack of attention
around the public transport, the issue of safety has be-
come
important [1, 2, 3]. Although there have been a lot of
effort, though, manpower, material, and financial re-
sources put into the understanding of the vehicle-pe-
destrian collisions, developing and improving novel
traffic safety technologies and vehicles’ body design by
automakers and related research institutions, the num-
ber of fatalities and severe injuries has remained high
[1, 2, 4]. Therefore, the pedestrian safety and injury
risk reduction focused on the public transport in ur-
ban areas have become a growing concern and Euro-
pean institutions together with rolling stock manufac-
tures have already started developing the methodology
for testing the passive safety
of vehicle bodies [3, 5].

The kinematic analysis of the motion of colliding
bodies before, during, and after the collision is a first
step towards the reconstruction of traffic accidents
and understanding the mechanical and biomechanical
response to the impact [6]. The goal of this study was
to provide a preliminary kinematic analysis of tram-
dummy collision in case of a side impact. A pedestrian

dummy was used for the simulation of human body
reaction to the impact of a T6A5-type tram (CKD Ta-
tra, Prague, Czech Republic), typical for Prague public
transport, approaching at the speed of 10 &»/h. The
analysis was focused on the interaction of the
dummy’s centre of mass (COM) and front end of the
tram from the initial impact to the moment when the
tram started to brake. For the purpose of this study,
the analysis only included the translational movements
in the dummy’s frontal plane and rotational move-
ments were neglected. The coefficient of restitution
calculations, which are related to the percentage loss
in internal kinetic energy of tram-dummy system, were
used to provide a different approach towards studying
traffic collisions, understanding and improving the re-
construction of such traffic accidents, as well as assist-
ing in the future design and development of novel
technologies to improve the pedestrian safety. The re-
sults could also improve the study of complex numer-
ical simulations of tram-pedestrian collisions to in-
crease the accuracy of such methods, techniques, and
models [7].

2 Methods

This case study represents one of the first stages of
a long-term research project focused on the tram-pe-
destrian collisions; the kinematics, dynamics, and bio-
mechanics of such road accidents, their reconstruc-
tion, computational modeling and its validaton, and
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injury assessment (type, mechanism, severity). The
goal of this part of the project was to provide a pre-
liminary kinematic analysis of the tram-pedestrian col-
lision in case of a side impact. The overall goal of the
project is then to provide a better understanding of
tram-pedestrian collisions and possibly increase the
safety of pedestrians by improving the design of trams
or developing new technologies (such as collision
avoidance systems). The project is funded by Opera-
tional Programme Research, Development and Edu-

cation CZ.02.1.01/0.0/0.0/16_026/0008401.
2.1 Instruments

A T6A5-type tram was used for the purpose of this
study. The tram is unidirectional, high-floor, and very
common for Prague public transport (Fig. 1). The
tram was travelling at the speed of 10 £/ at the time
of collision. The collision took place in the middle of
a 200m straight tramway track at the testing facilities
of the VUKV a.s. (The Research, Development and
Testing of Railway Rolling Stock centre).

R S A P TS

Fig. 1A T6A5-type tram (a front end)

The Hybrid IIT 50th Percentile Male Pedestrian
Dummy (JASTI, Tokyo, Japan) was used to replicate
the human biomechanical behaviour during the colli-
sion. The dummy was placed sideways towards
the approaching tram, exactly 0.15m x the width of
tram from the centre line towards one end of the track
(Fig. 2). This position follows a current version of the
European regulation regarding the passive safety of
rail
vehicles [5]. The dummy is, however, validated for
frontal collision tests only, which is the limitation of
the current study. Though at the same time, the veri-
fication of the dummy for side-impact collision tests
represents another goal of the whole project.

track

b

-

Direction of movement

Fig. 2The crash test confignration (side impact, dummy pla-
cement in front of the approaching tram)

The kinematics of tram-pedestrian collision was
measured with two different technologies. Firstly, two
ultra high-speed cameras (Photron, Tokyo, Japan)
were used to record the collision itself (frontal view of
the dummy and front end of the tram, recording fre-
quency of 12 000 Hz) and the whole tram-pedestrian
system (frontal view of the approaching tram and
dummy placed sideways, recording frequency of 500
Hz). And secondly, the Qualisys motion capture sys-
tem (Qualisys AB, Go6teborg, Sweden) was utilized to
capture the movement
of reflective passive markers attached to the dummy
and front end of the tram during the collision with
eight cameras at the frequency of 300 Hz. The whole
measurement configuration is shown in Figure 3.

about 10 meters

about 4 meters

Fig. 3 The measurement confignration (black lines - the
trannvay tracks, green lines - the area tracked by Qnalisys sys-
tem, red lines - the view of the collision itself recorded by one nl-

tra bigh-speed camera, blue lines - the whole system of tram
and pedestrian recorded by the second nltra high-speed camera)

2.2 Procedure

For the purpose of this study, eight passive mark-
ers were used to measure the kinematics of
the tram-peestrian collision. Six markers were attached
to the dummy's head, shoulders, shins, and the atea of
the centre of mass (COM). The other two markers
were attached to the front end of the tram (Fig. 4). The
analysis was then focused on the kinematics of the
tram and dummy's COM in the frontal plane of the
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dummy and translations along the horizontal and ver-
tical axes were the only movements of interest. Rota-
tional movements were not included in this prelimi-
nary analysis as the step-by-step approach was chosen
for the whole research project, i.e., from the simplest
collision conditions to the most complex ones.

Fig. 4 The frontal view of the collision showing the position of
eight passive marfkers (one on the head, two on shoulders, one
in the area of the dummyy's COM, two on shins, and two on

the front end of tram) and their trajectories

2.3 Data analysis

The experimental data were collected using the
Qualisys motion capture system at the frequency of
300 Hz. The position and velocity of each marker in
the frontal plane of the dummy was analysed and cal-
culated using the Qualisys Track Manager software.
The analysis was focused on the position and velocity
of the dummy's COM and front end of the tram at
every moment before, during, and after the collision
until the tram started to brake and the dummy was
thrown away in front of the tram. Figure 5 shows the
movement of markers during the whole measurement
(the position at every moment).

The calculated data were based on several assump-
tions that allowed describing the events of collision
mathematically [8]. The following assumptions were

made for the purpose of this study:

e The side-impact of tram-pedestrian collision
is symmetric, i.e., the events of collision take
place in one plane (frontal plane of the
dummy).

e The initial velocity of dummy is zero.

e The collision is inelastic, i.e., the momentum
of tram-pedestrian system is conserved and
the internal kinetic energy changes.

e  After the launch the dummy is considered as
a mass point, only translations are considered,
and rotational movements are neglected.

e The collision starts at the moment of initial
tram-dummy impact and finishes when the
tram starts to brake.

e The ground is flat, friction between the dum-
my's feet and ground is neglected, as well as

all air resistance.

Qualisys motion capture system position

Fig. 5 The movement analysis of each marker during the side-
impact collision using the Qualisys motion capture system

To determine the percentage loss of internal ki-
netic energy during the impact phase, the equations
for the conservation of momentum, coefficient of res-
titution, and the change of internal kinetic energy were
used. The conservation of momentum for inelastic
collision in general is:

P1+DP2=P11DP2 )
my vy +my vy =my v;+my vy )

Where:

b1, pr'..Linear momentum of the dummy before and after the collision respectively [&g:7-s57],
P2, p2...Linear momentum of the tram before and after the collision respectively [&g:7z:s7],

my...Mass of the dummy [£g],
m2..Mass of the tram [£g],

v1, v7...Velocity of the dummy before and after the collision respectively [#-s7],
v2, v2...Velocity of the tram before and after the collision respectively [#-57].

The mass of dummy was approximately 7; = 80
kg, the mass of tram was 7, = 16 000 £g, and the initial
velocity of dummy (before the collision) was zero (z/
=0 m/ ). The initial velocity of tram was v, = 2.67 m/ s.

The coefficient of restitution (¢) was defined as a ratio
of the final to the initial relative velocity between the
dummy and tram [6]:
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_ finalrelative velocity between the objects

= 3
initial relative velocity between the objects ©)
vy — V)
e=|2—"1 o)
V172

Where:

e...Coefficient of restitution [-]; the value ranges from zero to one.

The coeficient of restitution indicates how much
kinetic energy remains after the collision of two ob-
jects. If the coefficient of restitution is low (close to
zero), the collision is more inelastic and therefore,
more kinetic energy is lost in the form of heat, sound,
or due to localized deformation. On the other hand, if
the coefficient of restitution is high (close to one), the

V] =v,-

! Y(mg+my)
o = my-(1+e)
2 L m+my)

The change of internal kinetic energy (AKE) can be
generally described as the difference between the in-

(my —e-my)

Uy

collision is more elastic and therefore, less kinetic en-
ergy is lost [8§].

Using the equation for conservation of momentum
(2) and the equation for coefficient of restitution (4)
one can find the velocity of dummy and tram after the
collision in general:

my - (1+e) 5

vz (my + my) ©

(m; —e-my) 6)
(my +my)

ternal kinetic energy of the tram-dummy system be-
fore and after the collision:

AKE = KE;,;, — KE},,, ©

1 2 1 2
AKE = (—ml-v1+—m2-v )—(

2 2

Where:

1 1
Sy W) + 5 my - (v5)) ®)

2

AKE...Change of internal kinetic energy of the tram-dummy system []],
KE';,....Internal kinetic energy of the tram-dummy system during the collision [/],
KE..Internal kinetic energy of the tram-dummy system before the collision [J].

Based on the assumption that the initial velocity of
dummy before the collision was zeto (v; = 0 /), and
using the equations for final velocities of dummy and
tram (5, 6), as well as the equation to determine

AKE = —

2 my+m,

1 mq-m,

the coefficient of restitution (4), the formula for
change of internal kinetic energy of the tram-dummy
system could be derived for the purposes of this study:

.v% . (1 _ eZ) 9

Finally, the percentage loss of internal kinetic energy during the impact was [6]:

1

m;-m, 2 2
AKE 7 ety Ve (1-€?) 10
%loss in KE = .100 = 2 (M1 +m3) .100 10
int KEint

Where:

%loss in KE...Percentage loss of internal kinetic energy during the impact phase [%].

As this study was focused only on one specific case
of the tram-pedestrian collision using data from just
one measurement, a thorough statistical analysis could
not be conducted.

3 Results

The analysis was focused on kinematics of the
tram-dummy system from the first impact until the

moment when the tram started to brake. Figure 6
shows a velocity-time graph of the magnitude of ve-
locity, i.e., the speed, of the dummy's COM and front
end of the tram during the whole measurement. The
graph also includes three phases of the collision (pre-
impact, post-impact, flying phase) separated by the
dashed lines that indicates the collision phase change.
The lines also define the area of interest of this study.
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Fig. 6_A velocity-time graph of the speed of dummy's COM and front end of the tram with three phases of the collision (pre-impact,
post-impact, flying phase) separated by the dashed lines

After the initial impact, there was a sharp increase
of the dummy's COM speed reaching the peak of 4.24
m/ s followed by a steep drop and a gradual rise right
after. Based on the equation for the velocity of dummy
after the collision (5), considering almost perfectly
elastic collision after the initial impact (¢ = 1), and con-
sidering the mass of dummy was small enough to be
negligible compared to the mass of tram, the magni-
tude of dummy's velocity can reach a double of tram's
speed before the collision (2 = 2.67 m/s —
V1’ max=5.34m/ ). The whole phenomenon after the ini-
tial impact could be caused by the kinetic energy trans-
fer from the tram to dummy and the contribution of
movements of other parts of the dummy and their in-
ertia. The results also showed that the reaction time of
a driver to start to brake was almost exactly 0.25 5. Af-
ter the braking point, the dummy's COM was accelet-
ated mainly due to the contribution summation of
movements of other body patts.
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Fig. 7 The change of coefficient of restitution for every time in-
terval of the second phase of tram-dummy collision. The phase
started after the initial impact and finished when the tram
started to brake. The maximum value reached after the initial
impact and following minimum value were added
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Fig. 8 The change of percentage loss in internal kinetic energy
of the second phase of tram-dummy collision. The phase started
after the initial impact and finished when the tram started to
brake. The minimum value after the initial impact and
Jollowing maximum value were added

Figure 7 and 8 shows the change of coefficient of
restitution (Fig. 7) and percentage loss in internal ki-
netic energy (Fig. 8) for the second phase of tram-
dummy collision that started with the initial impact
and finished when the tram started to brake.

The results showed a significant change of coeffi-
cient of restitution immediately after the initial impact
(Fig. 7). At first, the coefficient of restitution was high
(¢ = 0.94) followed by a sharp decrease (¢ = 0.07)
within a short period of time (# = 0.02 g). As the coef-
ficient of restitution is related to the loss of internal
kinetic energy during the collision, the percentage loss
in internal kinetic energy was the lowest after the initial
impact (11.09 %) followed by a sharp increase reach-
ing the highest value (99.47 %). After that, the coeffi-
cient of restitution, as well as the percentage loss in
internal kinetic energy, reached a plateau phase with
the values ranging from 0.18 to 0.32, which corre-
sponded to a percentage loss of kinetic energy falling
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within 89 % and 97 % during the collision.

The results, therefore, suggested that the collision
between the dummy and tram was almost perfectly
elastic right after the initial impact followed by a quick
change into a mostly inelastic collision with a high loss
of internal kinetic energy. This could be caused by the
elastic properties of dummy’s body parts at first,
reaching their elastic limit in a short period of time,
which could then result in some kind and level of de-
formation. However, these results need to be verified
by conducting more measurements of this type of
tram-dummy collision, and then also testing different
impact velocities, tram types, and positions of the
dummy in front of the tram. The future studies should
also be focused on the analysis of the whole dummy
movement after the initial impact and including the
translational and rotational movements of all parts of
the dummy’s body.

4 Conclusion

The preliminary analysis of tram-dummy collision
in case of a side impact highlichted some of the fea-
tures based on the kinematics of colliding objects. The
coefficient of restitution was found to be a useful pa-
rameter to describe the loss of internal kinetic energy
during the collision that could result in deformation
and possibly injury. The study outcomes could be an
important step towards understanding and improving
the reconstruction of traffic accidents, describing
cause, type and severity of injuries, as well as assisting
in the future design and development of novel tech-
nologies to improve the pedestrian safety.
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