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Abstract: The need for continuous research to refine the models used in forensic accident reconstruc-
tion appears with the development of new car models that satisfy consumer complaints. This paper
analyzed a sub-sequence of car and pedestrian accidents from the perspective of the distance traveled
by them in the contact phase with the aim of improving the information regarding the reconstruction
of road accidents. This research included the analysis of some real tests with pedestrian dummies, as
well as simulations of the impact between different classes of vehicles and pedestrians in two different
walking positions. Specialized software was used with complex multibody models of pedestrians,
modifying the speed and deceleration parameters of the car at the time of the collision. For pedestrian
characteristics, the friction coefficients of the ground, car and its mass were modified. The research
results highlight the differences between the bilinear models used in accident reconstruction and the
proposed study. They can also be used to determine the distance traveled by the vehicle in the first
phase of a collision with pedestrians.
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1. Introduction

Traffic accidents in which vulnerable participants such as cyclists and pedestrians
are involved have been studied over time, first with the aim of reconstructing the events,
followed by the establishment of empirical or mathematical models which take into account
a series of factors regarding the throwing distance of pedestrians. In the specialized
literature, extensive studies have been published by many authors, starting from the 1970s.
An objective of these analyses consists in determining the throw distance of the pedestrian.
In [1–5], various formulas for determining these distances were proposed depending on
various factors, such as the impact speed, the angle of throw from the hood, the height of
the center of mass of the pedestrian, the coefficient of friction between the pedestrian and
the ground, the mass of the vehicle and the pedestrian, and the deceleration of the vehicle
at the time of impact.

In [6,7], three phases of vehicle–pedestrian impact were identified by Eubanks, Hait
and Limpert. These are the contact phase, the flight phase (throwing through the air) and
the rolling/sliding phase on the ground. According to pedestrian dynamics, five categories
of vehicle−pedestrian collisions are described in [8,9]. These are wrap, forward projection,
fender vault, roof vault and somersault collisions [10]. The contact phase, with the duration
of the interval between the first impact and the secondary contact, was studied in 2001 by
Han and Brach, who proposed the bilinear model regarding the distance traveled by the
vehicle and the pedestrian in this stage. This model takes into account the position of the
center of mass in relation to the vehicle.

In [11], it is considered that this phase lasts approximately 0.2 s, during which it is
approximated that the pedestrian travels a distance of 2 m without specifying exactly which
element of the body detaches last from the vehicle. In [12], the authors break down the
contact phase into two sub-phases, as shown in Figure 1. The first lasts from the initial
impact until the pedestrian hits his head/chest against the windshield/hood (secondary
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impact); the second extends over the period that the pedestrian remains in contact with
the car after the secondary impact until separation from the vehicle. The model takes into
account the last element of the body that detaches from the vehicle, excluding the upper
limbs of the pedestrian from the contact analysis.
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This phase of contact distance influences others; a simple model is presented in
Figure 1. It is assumed that the impact between a vehicle and a pedestrian is plastic. In this
case, from the conservation of momentum law, the distance that the pedestrian is in contact
with vehicle was successively determined in [12].
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According to [12], the distances travelled by the vehicle and pedestrian in the contact
phase are given in Relations (1)–(3), where:

vo
′: vehicle speed at the moment of the first contact with the pedestrian, m/s;

vo: speed of the vehicle–pedestrian assembly immediately after the first contact, m/s;
v: vehicle speed at the moment of secondary impact, m/s;
a: average brake deceleration from the moment prior to the first impact with the

pedestrian, m/s2;
mv: vehicle mass, kg;
mp: pedestrian mass, kg;
t0: time at which the pedestrian is hit by the vehicle, s;
t1: time at which the pedestrian hits the hood–windshield area with the head, s;
t1
′: time at which the pedestrian is detached from the vehicle, s;

x1: the space covered by the vehicle–pedestrian assembly in sub-phase 1.1, m;
x1
′: the space covered by the vehicle–pedestrian assembly in sub-phase 1.2, m;
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Dveh: the space covered by the pedestrian in the contact phase with the vehicle, phase
1, m;

η: pedestrian impact factor.
In [13], the authors also show the existence of two sub-phases in the vehicle con-

tact phase. In Figure 2, a sample sequence of pedestrian kinematics at different timings
and phases during the vehicle impact process is demonstrated: “t0” is the first vehicle–
pedestrian contact time and “t1” is the first vehicle–head impact time. Then, the pedestrian
moves together with the car until “t2”, when they separate.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 3 of 21 
 

v: vehicle speed at the moment of secondary impact, m/s; 
a: average brake deceleration from the moment prior to the first impact with the pedes-
trian, m/s2; 
mv: vehicle mass, kg; 
mp: pedestrian mass, kg; 
t0: time at which the pedestrian is hit by the vehicle, s; 
t1: time at which the pedestrian hits the hood–windshield area with the head, s; 
t1′: time at which the pedestrian is detached from the vehicle, s; 
x1: the space covered by the vehicle–pedestrian assembly in sub-phase 1.1, m; 
x1′: the space covered by the vehicle–pedestrian assembly in sub-phase 1.2, m; 
Dveh: the space covered by the pedestrian in the contact phase with the vehicle, phase 1, m; 
η: pedestrian impact factor. 

In [13], the authors also show the existence of two sub-phases in the vehicle contact 
phase. In Figure 2, a sample sequence of pedestrian kinematics at different timings and 
phases during the vehicle impact process is demonstrated: “t0” is the first vehi-
cle–pedestrian contact time and “t1” is the first vehicle–head impact time. Then, the pe-
destrian moves together with the car until “t2”, when they separate. 

 

Figure 2. Vehicle–pedestrian impact 

2. Research Motivation 
The specialized literature addressing vehicle–pedestrian accidents illustrates various 

models/formulas that divide the stages of the collision into three phases, i.e., contact with 
the vehicle, flying through the air and rolling on the ground, with the aim of establishing 
the total distance of pedestrian throw. The first phase was succinctly analyzed in [12–14], 
where two sub-phases were highlighted. 

Analyses of real collisions between vehicles and dummies, as well as modeling with 
especially dedicated software [15–17], were carried out for the study of the contact phase 
between a vehicle and a pedestrian. This should allow specialists to more accurately in-
vestigate the circumstances of pedestrian accidents. 

In this paper, we intend to improve the proposed bilinear model by establishing a 
relation regarding the distance traveled by the pedestrian during the contact phase with 
the vehicle depending on the collision speed. Some of the factors that influence pedes-
trian kinematics will be analyzed, such as the typology of the body shape, vehicle decel-
eration, pedestrian mass and friction coefficient with the car and the ground, using car 
models frequently encountered on roads nowadays. 

3. Research Methods and Models 
This research was conducted by simulating a vehicle–pedestrian collision on a dry 

asphalt surface on a horizontal road section, which is the preponderant scenario. Impact 
conditions in rainy weather were also simulated in order to observe the influence on the 
change in the traveled distance. Thus, the coefficients of friction between the pedestrian 
and the vehicle, respectively, and the ground were reduced. 

Therefore, the research results of this stage can only be applied to traffic accidents 
that occur in these conditions. 

Figure 2. Vehicle–pedestrian impact.

2. Research Motivation

The specialized literature addressing vehicle–pedestrian accidents illustrates various
models/formulas that divide the stages of the collision into three phases, i.e., contact with
the vehicle, flying through the air and rolling on the ground, with the aim of establishing
the total distance of pedestrian throw. The first phase was succinctly analyzed in [12–14],
where two sub-phases were highlighted.

Analyses of real collisions between vehicles and dummies, as well as modeling with
especially dedicated software [15–17], were carried out for the study of the contact phase
between a vehicle and a pedestrian. This should allow specialists to more accurately
investigate the circumstances of pedestrian accidents.

In this paper, we intend to improve the proposed bilinear model by establishing a
relation regarding the distance traveled by the pedestrian during the contact phase with
the vehicle depending on the collision speed. Some of the factors that influence pedestrian
kinematics will be analyzed, such as the typology of the body shape, vehicle deceleration,
pedestrian mass and friction coefficient with the car and the ground, using car models
frequently encountered on roads nowadays.

3. Research Methods and Models

This research was conducted by simulating a vehicle–pedestrian collision on a dry
asphalt surface on a horizontal road section, which is the preponderant scenario. Impact
conditions in rainy weather were also simulated in order to observe the influence on the
change in the traveled distance. Thus, the coefficients of friction between the pedestrian
and the vehicle, respectively, and the ground were reduced.

Therefore, the research results of this stage can only be applied to traffic accidents that
occur in these conditions.

As shown in [18–20], rain decreases the number of vehicle–pedestrian accidents. Some
of the possible factors that led to these research results are as follows:

• Cars slow down due to drivers who are not accustomed to driving in wet conditions;
• Mixed effects affecting both crash risk and exposure;
• Poor weather conditions reduce accidents by discouraging driving and leading to

fewer drivers and less congested roads.

We analyzed real accidents with pedestrian dummies with images captured with
high-speed cameras and simulations performed in PC-Crash.
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PC-CRASH, multibody solvers, utilizes a contact algorithm similar to MADYMO, i.e.,
an algorithm based on the calculation of the depth of penetration [21].

To validate the proposed model, a nine cases were extracted from the experimental
tests and were submitted to simulations that were carried out under the same conditions in
PC-Crash. The obtained results indicate a maximum difference of−10% and +12% between
analyses. During the experimental tests, the resistance structure of the dummy failed in
two situations, with values of over 4 m being subsequently recorded. In another situation,
at low impact speed, the dummy was hit from behind, not from the side, thus resulting in a
long transport distance, the pedestrian being carried on the hood and then sliding in front
of the vehicle, as indicated in Figure 3.
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The multibody pedestrian body elements (head, torso, pelvis, etc.) are interconnected
with pivoting joints. For each body, there are different properties such as geometry, mass,
contact stiffness and coefficients of friction. A general ellipsoid of degree “n” specifies
the geometry for each body. The pedestrian and occupant multibodies are modeled with
20 bodies interconnected by 19 joints [22].

For each body of the multibody system, the following properties can be specified
independently:

• Body geometry is represented by ellipsoid shapes; the length along each axis and the
degree of the ellipsoid can be specified;

• The moments of inertia of each body and its mass;
• Stiffness coefficient for each body used when calculating contact forces;
• Coefficients of friction can also be specified. One is used for ellipsoid-to-vehicle

contacts; the other is used for ellipsoid-to-ellipsoid and ellipsoid-to-ground contacts.

On account of the fact that the geometry of the vehicle can have a significant effect on
the pedestrian dynamics, the model enables the use of different vehicle shapes. In Figure 4
and Table 1, we present the main data of the vehicles used in simulation. The vehicle
shape can be either specified using the menu item, or a detailed 3D DXF shape can be
imported and attached to the vehicle [22]. The model uses a linear stiffness model with
restitution [23].

In PC-Crash, the simple 3D DXF vehicle shape is used for the calculation. Each vehicle
folder contains 2 DXF models, one with the same name as the vehicle model, a second
with the name “output.dxf”. The second is better for contact calculations with multibody
systems because the mesh is more simplified and uniform.
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Table 1. Vehicle characteristics; source: PC-CRASH.

Vehicle
Type

Mass
[kg]

Height
[m]

a
[m]

b
[m]

c
[m]

d
[m]

1
[m]

2
[m]

3
[m]

4
[m]

SM-1 795 1.465 0.050 0.058 0.871 0.498 0.350 0.500 0.837 0.942

SM2 854 1.489 0.050 0.052 0.904 0.517 0.350 0.500 0.851 0.957

CC-1 1390 1.410 0.050 0.065 1.142 0.653 0.350 0.500 0.806 0.906

CC-2 1180 1.420 0.050 0.064 1.124 0.642 0.350 0.500 0.811 0.913

CC-3 1395 1.462 0.050 0.067 1.167 0.667 0.350 0.500 0.835 0.940

CC-4 1025 1.535 0.050 0.063 1.096 0.626 0.350 0.500 0.877 0.987

CSUV-1 1585 1.700 0.050 0.065 1.130 0.646 0.350 0.500 0.971 1.093

CSUV-2 1280 1.630 0.050 0.063 1.102 0.630 0.350 0.500 0.931 1.048

EC-1 2135 1.480 0.050 0.076 1.335 0.763 0.350 0.500 0.846 0.951

Additionally, users can input custom dimensions. The vehicle shape specified here
is used to determine the vehicle ellipsoid sizes for the stiffness-based impact/rollover
model. The shape is also used for collisions with multibody objects, unless a DXF/IDF
vehicle shape is specified for these contacts. Custom vehicle multibodies can be specified
for interaction with other multibodies [22]. Properties for stiffness-based impacts can be
also specified as follows:

• Friction—This is the coefficient of friction for the vehicle body.
• Restitution—This is the coefficient of restitution for vehicle impacts. If the stiffness-

based impact model is used, only one restitution coefficient for all concerned vehicles
should be used.

• Stiffness—This is expressed as a deformation distance. For passenger cars, the specified
stiffness is for the lower part of the vehicle body only. For the roof, one quarter of the
specified stiffness is used.

Multibody forensic models available in reconstruction software were often validated
by comparing body motion with video data either from dummy crash tests or CCTV
recordings [21]. In [24,25], the authors used camera images from real accidents involving
pedestrians as a technique for accident analysis.

The videos were recorded over time, with different high-speed cameras at the rate of
500 or 1000 fps, with image resolution of 845 × 480 and 640 × 480 pixels. The position of
the cameras was fixed; the filming was carried out in open spaces with strong sunlight or in
laboratory with special lighting facilities. The collision speed and the vehicles deceleration
were determined with datalogger-type measuring equipment that includes accelerometers.
To establish the travel distance, we used photogrammetric techniques, with at least one
known dimension.
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The simulations analyzed pedestrians in a walking posture, crossing in front of a
vehicle, perpendicular to their direction of travel. These types of accidents were also
revealed in [26]. The authors showed that when focusing on the distribution ratio of the
cases when pedestrians were crossing the roads in front of the forward moving cars, these
were 67% (fatal) in daytime and 78% at night-time. Two different cases of first contact in
the leg area were analyzed, namely when the body weight is taken on the front leg (P1)
and when it is taken on the rear leg during walking (P2), as shown in Figure 5.
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The simulation was carried out in 3D. During the simulation, collisions occurred
between the car and the pedestrian at different vehicle speeds.

These were modeled by accepting the following initial data:

• The types of vehicles involved in the collision were the following: compact class-CC,
super-mini class-SMC, executive class-EC and compact SUV-CSUV;

• Vehicle initial speed was 5, 10, 15 and 20 m/s;
• Vehicle deceleration during impact was 0, 2.5, 5 and 7.5 m/s2;
• Pedestrian walking perpendicular to vehicle direction at 1.4 m/s;
• The coefficient of friction between vehicle and pedestrian is 0.2;
• The moment when the contact force between the body segment (head/torso) and

the vehicle is zero is considered to be the moment of separation from the vehicle, as
illustrated in Figure 6.
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Various areas of the body come into contact with the vehicle during the impact, but
only the lower limbs, chest and head were considered in our analyses.

In [27], various body postures were defined while walking based on previous studies
that state that the pedestrian’s posture at the moment of impact influences the kinematics of
the impact between the car and the pedestrian. Using MADYMO model, Crocetta et al. [28]
selected six initial stance configurations from the gait cycle defined in [20]. In the simu-
lations performed by the authors, impacts were performed with the pedestrian moving
transversally (walking) to the vehicle at a speed of 1.4 m/s. A summary of the simulations
performed is given in Table 1.
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Shang et al. [29] used MADYMO ellipsoid multibody pedestrian model and real test
with cadavers, performed over a speed range of 20–30 kph and with three different vehicle
types and pedestrian sizes, and found a good capacity to predict vehicle contact times.

In [30], the MADYMO ellipsoid multibody pedestrian model is also used. Each model
consists of 52 rigid bodies with an outer surface described by 64 ellipsoids. The MADYMO
models were used to study accident reconstructions, particularly those involving vulnerable
road users [31–33].

Stevenson [34] carried out an extensive study on the friction coefficients that oc-
cur in traffic accidents involving pedestrians. A non-linear frictional contact model in
vehicle–pedestrian accidents was considered in [35]. The study based on their model in-
dicates that the pedestrian–ground friction coefficient is not consistent. The relationship
between the friction force and the contact pressure is non-linear.

In [36], the authors chose to use in their research the friction coefficients between the
pedestrian and the ground with a value of 0.6, and between the pedestrian and the vehicle
with a value of 0.3.

The dummy used had the characteristics shown in Table 2 during simulations. The
moments in the main joints of the body (torso, neck, knees, and ankles) were adapted to
mimic the human body as closely as possible. Studies of moments in various body joints in
different postures were carried out for the knee [37], for the walking posture [38], including
the hip, knees and ankles, and for the neck [39].

Table 2. Pedestrian default characteristics data.

Pedestrian male adult

Age
Mass

18 years
75 kg

Height 1.75 m
No of body elements 20
Friction coefficient with car 0.20

Friction coefficient with ground 0.60

Body data are adjusted according to the report “International Data on Anthropometry”
by Hans W. Jurgens, Ivar A. Aune and Ursula Pieper, published by the Federal Institute
for Occupational Safety and Health, Dortmund, Federal Republic of Germany and a study
made by various scientists in Slovakia [22], as shown in Table 2.

A summary of the performed simulations is given in Table 3.

Table 3. Simulation diagram.

Nr crt Vehicle Type No of Vehicles
Studied

Vehicle
Initial Speed

Vehicle
Deceleration

Pedestrian
Type

Pedestrian
Stance

Pedestrian
Initial Speed

1 CC

4 5 0, 2.5, 5, 7.5 MBD P1, P2 1.4

4 10 0, 2.5, 5, 7.5 MBD P1, P2 1.4

4 15 0, 2.5, 5, 7.5 MBD P1, P2 1.4

4 20 0, 2.5, 5, 7.5 MBD P1, P2 1.4

2 SMC

2 5 0, 2.5, 5, 7.5 MBD P1, P2 1.4

2 10 0, 2.5, 5, 7.5 MBD P1, P2 1.4

2 15 0, 2.5, 5, 7.5 MBD P1, P2 1.4

2 20 0, 2.5, 5, 7.5 MBD P1, P2 1.4

3 CSUV

2 5 0, 2.5, 5, 7.5 MBD P1, P2 1.4

2 10 0, 2.5, 5, 7.5 MBD P1, P2 1.4

2 15 0, 2.5, 5, 7.5 MBD P1, P2 1.4

2 20 0, 2.5, 5, 7.5 MBD P1, P2 1.4
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Table 3. Cont.

Nr crt Vehicle Type No of Vehicles
Studied

Vehicle
Initial Speed

Vehicle
Deceleration

Pedestrian
Type

Pedestrian
Stance

Pedestrian
Initial Speed

4 EC

2 5 0, 2.5, 5, 7.5 MBD P1, P2 1.4

2 10 0, 2.5, 5, 7.5 MBD P1, P2 1.4

2 15 0, 2.5, 5, 7.5 MBD P1, P2 1.4

2 20 0, 2.5, 5, 7.5 MBD P1, P2 1.4

4. Results

The simulations show the existence of the two sub-phases of the contact between
the vehicle and the pedestrian for all the cases analyzed, as indicated in Figure 5. With
the exception of low collision speeds, the resulting types of impact are roof vault and
somersault. The increase in speed at the moment of impact results in a larger movement of
the pedestrian as he/she detaches from the car, performing somersaults through the air.

For an impact speed of 5 m/s, the type of impact is wrapped around; the pedestrian is
not thrown through the air but slides off the vehicle.

The time when the pedestrian detaches from the vehicle is obtained from the diagram
of the contact forces between the body segments and the car.

For the compact class CC vehicle, as indicated in Figure 7, the maximum distance in
this case is around 4.01 m at a speed of 10 m/s, as shown in Figure 8. At the same time,
we observe that the greatest variation in the distances travelled during the contact phase
depends on the impact speed. The minimum distance is 1.2 m at a collision speed of 5 m/s.
For this category of cars, at low impact speeds, the pedestrian kinematics is wrap around,
according to the classification in [8], followed by the somersault and roof vault at high
speed.

Depending on the position of the pedestrian (left leg in front or behind), as well as
the offset of the impact position from the center of the car, at low speeds, we could have a
fender vault collision.

Considering the time origin at the moment of impact between the bumper and the
pedestrian’s foot, the secondary collision occurs within a time range of 0.075 s to 0.21 s, and
the detachment from the car within a time range of 0.125 s to 0.515 s, depending on speed
and deceleration.

The impact moments captured in Figure 7 show the first contact in the knee region of
the lower limbs, followed by the contact of the femur with the front edge of the hood. The
pedestrian then strikes the hood with the thorax while the secondary, head impact occurs
in the hood–windscreen area. Until detached from the vehicle, the pedestrian undergoes a
roof vault or somersault movement for high speed collisions.

The low height geometric profile of some vehicles in this class leads to a high number
of roof vault impacts compared to SUVs.

For the CSUV class, the maximum distance in this case is just over 2.6 m at 20 m/s, as
displayed in Figure 9. In this case, there is less dispersion, as a function of impact speed,
of the distances travelled during the contact phase. The minimum distance is 0.8 m at a
collision speed of 5 m/s, which is the smallest in all the vehicle classes analyzed. For this
class of cars, at low impact speeds, the pedestrian kinematics is wrap around, followed by
the somersault and roof vault at high speed.

Considering the time origin at the moment of impact between the bumper and the
pedestrian’s lower limb, the secondary collision occurs within the time range of 0.06 s to
0.18 s, and the detachment from the car within the time range of 0.115 s to 0.30 s.

The impact moments captured in Figure 10 show the first contact in the knee region
of the lower limbs, followed by contact of the pelvis with the front edge of the hood. The
pedestrian then strikes the hood with the thorax, while the secondary head impact occurs
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in the hood area at high speed. At collision speeds of 5 m/s, for this type of vehicle, it is
possible that the head-to-car body contact may not occur.

These vehicles can cause more severe injuries because of the greater height at the
front edge of the hood. In this case pedestrians, especially small pedestrians, are hit in the
pelvis–abdomen area with the front end, as opposed to compact class cars where the pelvis
and abdomen were hit by the hood.
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Figure 10. Example of collision for CSUV vehicle, at 5 m/s speed.

The results by type of vehicle show, as indicated in Figure 11, the longest distances
travelled by the pedestrian in contact with the car, until detachment from the car for the SM
class. The maximum distance in this case is just over 4.3 m at 10 m/s, as seen in Figure 12.
In this case, for 10 m/s speed, there is a great dispersion, as a function of impact speed,
of the distances travelled during the contact phase. The minimum distance is 1.15 m at
a collision speed of 5 m/s. For this class of cars, at low impact speeds, the pedestrian
kinematics is wrap around, followed by the somersault and roof vault at 20 m/s.
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does not significantly change the contact times or, implicitly, the distances covered, as 
seen in Figure 15. 
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Considering the time origin at the moment of impact between the bumper and the
pedestrian’s lower limb, the secondary collision occurs within the time range of 0.05 s to
0.245 s, and the detachment from the car within the time range of 0.125 s to 0.42 s.

For executive class EC, as indicated in Figure 13, the maximum distance in this case
is around 2.5 m at 20 m/s, as displayed in Figure 14. The minimum distance is 1.2 m at
a collision speed of 5 m/s. For this class of cars, at low impact speeds, the pedestrian
kinematics is wrap around, followed by the somersault after 10 m/s.
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Considering the time origin at the moment of impact between the bumper and the
pedestrian’s foot, the secondary collision occurs within the time range of 0.06 s to 0.24 s,
and the detachment from the car within the time range of 0.105 s to 0.315 s.

For all classes of vehicles, we observe a tendency to increase the distance covered
during the contact phase, along with the increase in the impact speed. The posture of the
pedestrian at the moment of impact generates the kinematics of his/her movement, but it
does not significantly change the contact times or, implicitly, the distances covered, as seen
in Figure 15.
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Analyzing all the categories of vehicles subjected to simulations as a whole, we notice
that as the deceleration increases at the moment of impact, the maximum values of the
distance traveled by the pedestrian until the separation from the vehicle decrease, as seen
in Figure 16.
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Figure 16. Pedestrian carrying distance as a function of braking deceleration.

For rainy conditions, the adhesion coefficient of the wheels has been changed to the
value of 0.4, so the vehicle can brake with a maximum of 3.93 m/s2. The simulations were
run this way only for deceleration of 2.5 m/s2, varying the impact speed. The coefficient of
friction between the car and the pedestrian was reduced to 0.1, whereas the coefficient of
friction between the pedestrian and the ground was reduced to 0.3.

Following the simulations, the analysis of the contact force diagrams that appear
on the main body segments of the dummy indicates that the detachment times from the
passenger car resulted with a maximum variation of 9.38% for all the classes of vehicles
studied. Expressed in distance covered, these variations have a mean with a maximum of
0.4 m. The simulations in wet weather show an increase in the separation times compared
to those performed for dry asphalt. Examples of these diagrams are shown in Figures 16–20.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 13 of 21 
 

 

Figure 17. Example of detachment time for SM class at 15 m/s and 2.5 m/s2 on wet road. 

 

Figure 18. Example of detachment time for SM class at 15 m/s and 2.5 m/s2 on dry road. 

 

Figure 19. Example of detachment time for CC class at 10 m/s and 2.5 m/s2 on wet road. 

Figure 17. Example of detachment time for SM class at 15 m/s and 2.5 m/s2 on wet road.

As far as the mass of pedestrians is concerned, simulations were run with pedestrians
of 55, 75 and 110 kg, all with the same height. The results of the simulations show a
maximum variation of 10% in the time at which the pedestrian detaches from the vehicle,
as indicated in Figures 21–26. Pedestrians with a smaller mass detach after a shorter time
compared to a 75 kg pedestrian. Pedestrians with a larger mass detach after a longer time,
compared to a 75 kg pedestrian. Regarding their kinematics, it can be seen that pedestrians
with a large mass have the largest movement, as indicated in Figures 27 and 28.
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5. Discussion

The current geometry of cars influences the distances traveled by pedestrians coming
into contact with them. In the speed range of 10 m/s to 5 m/s, a large dispersion of the
values obtained for the distances traveled by the vehicle in contact with the pedestrian can
be observed, both in the case of simulations and in the experimental tests. For low speeds,
the possible explanation is the fact that the movement of the pedestrian is not extensive;
after the impact in the area of the lower limbs, he/she flips over on the hood and remains
in contact until he/she slides in front or on the side of the vehicle.

In the simulations that we carried out, the dispersion according to the vehicle class is
presented in Table 4. It can be observed that the distance covered during the contact phase
between the vehicle and the pedestrians depends on the vehicle class. Thus, SM and CC
class vehicles have the longest contact phase distance, followed by CSUV and EC class.

Table 4. Contact distance according to different classes of vehicle.

Vehicle Class DvehMin DvehMax Ratio Dmax/Dmin

CC 1.11 4.01 3.61

CSUV 0.89 2.6 2.92

EC 1.20 2.5 2.08

SM 1.13 4.2 3.71

The experimental research, amounting to 18 tests, were carried out with different types
of vehicles, at various impact speeds, with dummies of different sizes and masses or real
accidents, as shown in Figure 29a,b. The video images captured during the experiments
were analyzed with the aim of establishing the distances traveled by pedestrians in contact
with vehicles. They best reproduce the different specific conditions under which accidents
involving pedestrians take place. Also, the impact conditions, dry or wet road, varied.
An important mention is that the dummies used had various masses and heights, thus
covering as large a segment as possible of the anthropometric typologies of people.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 18 of 21 
 

 
(a) 

 
(b) 

Figure 29. Examples of impact with dummies (a,b). (a) Source [40]. 

The experimental data confirm the existence of the two sub-phases of the contact 
between the car and the pedestrian. Superimposing the distances travelled by pedestri-
ans over the simulation results, as displayed in Figure 30, shows a good correlation be-
tween them. The large dispersion of the travel distances around the speed of 10 m/s is 
also evident in the experimental investigations. 

The comparison between the bilinear model and the theoretical and experimental 
results changes some aspects of the distance travelled during the contact phase between 
the cars and the pedestrians. Thus, the reconstruction of traffic accidents can be con-
ducted on the basis of new assumptions. A trendline was identified in order to express 
the difference between these two models, as seen in Figure 30. 

Future research could develop a new mathematical model of the pedestrian’s dis-
tance in contact with the car, taking into consideration more factors such as height of 
pedestrian, different weather conditions dry/wet/icy, different mass and posture of pe-
destrian during impact. 

Figure 29. Examples of impact with dummies (a,b). (a) Source [40].



Appl. Sci. 2023, 13, 9404 18 of 20

The experimental data confirm the existence of the two sub-phases of the contact
between the car and the pedestrian. Superimposing the distances travelled by pedestrians
over the simulation results, as displayed in Figure 30, shows a good correlation between
them. The large dispersion of the travel distances around the speed of 10 m/s is also
evident in the experimental investigations.
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Figure 30. Comparison between carry distance from simulation, experimental tests and bilinear
model.

The comparison between the bilinear model and the theoretical and experimental
results changes some aspects of the distance travelled during the contact phase between the
cars and the pedestrians. Thus, the reconstruction of traffic accidents can be conducted on
the basis of new assumptions. A trendline was identified in order to express the difference
between these two models, as seen in Figure 30.

Future research could develop a new mathematical model of the pedestrian’s distance
in contact with the car, taking into consideration more factors such as height of pedestrian,
different weather conditions dry/wet/icy, different mass and posture of pedestrian during
impact.

The theoretical simulations were run with four classes of vehicles, with their frontal
profile influencing the results obtained. The impact speed directly proportionally influ-
ences the distance traveled by the vehicle in contact with the pedestrian and inversely
proportionally influences the contact times between them.

In the range of speeds 5–10 m/s, the results regarding the distance traveled during
the contact phase show the greatest dispersion, both in theoretical simulations and in
experimental tests.

Low vehicles, such as coupes, hatchbacks or sedans, at high speeds tend to throw
the pedestrian on top of them, while SUVs tend to run over the pedestrian at low speeds,
having a fairly high ground clearance; therefore, the contact varies depending on the shape
of the vehicle.

Child pedestrians, especially those under the age of 10 and short-heighted, are thrown
in front of the vehicle at the time of the collision. For this case, there is no transportation
phase by the vehicle, with the impact being of the forward projection type.

6. Conclusions

The studies carried out in the field of car–pedestrian accident analysis have highlighted
the existence of three phases in the development of the impact. In more recent studies, the
first phase, of contact with the car, was divided into two stages as follows: the contact until
the pedestrian hits the vehicle with his/her head or thorax, and the contact until he/she
is detached from the vehicle. In the current literature, the distance traveled by the car in
contact with the pedestrian was approximated using the bilinear law proposed in [10].
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The experimental results and the simulations carried out in the current study have
improved the prediction model of the distance traveled by the car during the contact phase
with the pedestrian.

The results of the research show that the throwing distance of the pedestrian does not
change, but the three distances traveled during the phase of contact with the vehicle, flight
and contact with the ground are different, as compared to the previous, which the bilinear
model took into account.

The mass of pedestrians, as well as the conditions in which accidents occur (dry/wet),
have a maximum influence of 10% on the distance traveled by the pedestrian in contact
with the vehicle.

A trendline was obtained, which clearly shows the difference between the current
results and the bilinear model.
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