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Abstract Engineering analysis of motor vehicle collisions as a complex type of
research combines the application of scientific approaches from different fields:
mechanics, mathematics, structural design, etc. This implies accurate and
unambiguous determination afigut data and their application in computational
procedures for finding solutions in iterative mode. Hence, the reason to apply the
specific research method of information modelling in the present study to one of the
main types of road accidents, namelg gedestriarcar collision.
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1. Introduction

Traffic collision reconstruction is the best example of engineering analysis involving
processes of analyzing and interprgtcomplex data. The accuracy of the obtained
intermediate and final results, respectively, of the calculation procedures play a
crucial role in the analysis and identification of causes and factors in road accidents.
Engineering analysis applied to tléstigation of road traffic accidents influences
judicial decisioamaking. The conclusions, determining measures for accident
prevention, are also essential for the public. The above statements presuppose the
demand to apply the welihown in natural sciece and engineeringystems
Approach[1, 5]. The systematic approach implies that the designer has a conceptual
mo d e | seeking to represent empirical object
model, system information model.

Expertise research on road accidemeets complex criteria determined by
modelling physical processes describing the problem area. The high requirements for
accuracy in calculating the velocity of the center of mass of all participants in the
road traffic accident at the time of the impas well as prémpact and posimpact
velocities are essential for the concept creation and the proposed technical solution
[2,3,1416,19.
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Automotive engineers work with various types of models, the basic ones being
information,mathematical and geometric models. They are closely related to each
other and together determine the properties of the real world objects, recreated in
models (prototypes). Information modelling, in turn, connects the description of a
real object with spéfic data. In such cases it is essential to define the necessary and
sufficient data to be accurately and successfully implemented. On the other hand,
information modelling is closely connected with mathematical modelling, where the
properties and behavipwof the object are apparent and described in order to solve
dependency related issue$, [17]. Geometric modelling is an integral part of
information and mathematic modelling when studying material objects. In these
cases, mathematical modelling also paeg theempirical examination and structural
dependencies, to varying degrees, necessary to geometrically construct the prototype
of the object. This is usually associated with the representation of a complex real
object, by connecting separate geomegrimitives (sphere, cylinder, cone, prism,
etc.). This, together with the means of descriptive geometry, is the basis for solving
engineering problems related to the geometric reproduction of images of technical
objects. The role of this type of modelliitg automotive engineering tasks is also
associated with the processes of motion simulation of the real object prototype. The
generated geometric models can be-timensional (2D) or thredimensional (3D).

Taking into consideration the abovementionedait e pointed out that the
basic types of modelling are closely related to each other. Their analysis and
description should be based on the specific characteristics of the interconnectedness
among them as well.

Automation of engineering tasks and optintiiza of their solutions respectively
is unthinkable without stored data based on previous research and case studies as well
as accumulated expertise knowledge about their application. Thus, a large body of
engineering and practical experience is compitedreate preconditions for quick
elimination of impossible or irrational solutions.

The systems engineering information model proposed in this paper aims to raise
awareness about the automation of information processes that could be implemented
in investigation and traffic collision reconstruction as an integral part of road traffic
accident research between pedestrians and motor vehicles.

The basis of any modelling is the sound field data and the conceptual model of
their interpretation. Figl representsystems engineering information model of a
vehiclepedestrian collision.

The information model has a predominant role in the present study. The
gathered input data from the accident investigation and their interpretation are a
prerequisite for the desigrf geometric and mathematical models. The geometric
model is decisive for the reconstruction of motion of traffic participants in road
accidents. On the other hand, the description of motion representdrigdata
analysis of dependencies based on anatggthodology. Therefore, the geometric
and mathematical models are in complex interconnection and their artificial division
and separate determination would not be correct. As a result, each of the
abovementioned three types of models have been considigheitbypeculiarities in
the present study.
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2. Creating geometric models of vehigledestrian collisions in
SolidWorks software environment

Free shapes of surfaces are usatksxribe the silhouette of a 3D geometric element.
The shapes of freeform surfaces and spatial curves are stored in CAD software by
their poles, curvature and a number of patches. The degree of a surface is determined
by its mathematical properties and negents the surface as a polynomial with
variable gradients and values. The order of the polynomial that describes the surface
is one greater than the degree, and is equal to the number of coefficients, not the
greatest degree of the surface.

Surface patabs are merged into a single surface by knot lines (intersections).
The number of knots determines the influence of the poles on the two merged surfaces
as well as the smoothness of the transition.

2.1. Geometric car model

The car model is assembled froraveral separate parts with the corresponding
movable and immovable connections between them. For each detail, its geometric
dimensions and material they are made from are set. Based on these input data, CAD
system automatically determines the mass parametehe object.

In accordance with the selected generalized coordinates for dynamic research,
the multimass car model is structured in two modwlasody Fig. 2) and a running

gear Fig. 3).

Fig. 2. Car model representing unsprung ma Fig. 3. Car suspension

Thus, the unsprang mass is represented in adsibgmbled unit (assembly)
including the elements of the body, equipment and engine. The sprung mass is
composed of the wheels and thalispension attached to the frame. The connections
between the separate elements are movable and immovable depending on the degrees
of freedom.

2.2. Geometric model of a pedestrian

The 3D model is built with the help of pdefined objects- rectangular peEms,
cylinders, spheres, etc. Boolean operations are employed to unite, divide and subtract
features to define complex details.

The created bodies are connected by articulations, and the human gait

completely corresponds to the different types of walkieghba vi our - sl ow,
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running and fast running. For this purpose, restrictions are introduced in the
generalized coordinates of the angular rotations at the limbs.

The person consists of the following elements:Head; 2-joint; 3 —torso; 4
— upper Imb; 5—Ilower limb (Fig. 4a).

The spatial model of a human body is a multimass systém & pf8 h @
number of bodies connected by articulations and have their own local Cartesian
coordinate systerd @ & ¢ relative to the movabléw w d . Each body has its own
law of relative motion with respect to the movable coordinate system (Fig. 4b). In
each joint there are restrictions at specified angle of rotation.

The absolute motion of the body is described by the law of motion. \ttileen
person is a pedestrian, four phases of
value problem of initial impact; Phase—2throw distance and repeated landings
during the sliding phase on the car front; Phasef8lling body until its resting
position before it hits the contact surface; Phasealling body and its sliding along
the contact surface. When a person is a passenger or an occupant in a car, their
movement is restricted by the interior equipment of the car.
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Fig. 4. Human 3D model created in SolidWorks

2.3. Geometric road model

The road is modelled as a plane positioned in the plane dfahd®axes of a fixed
coordinate system. The longitudinalaxis coincides with the dividing line of the
road lanes. The length of the road section is chosen from the location of trenaccid
area.

2.4. Multi-body mechanical system

Fig. 5 shows the spatial models of three objects, namely a road, an automobile and a
human body. Fixedi¥to coordinate system is specified. A permanently connected
coordinate systenb i is introdwed and it is permanently connected to the
separate elementsow ho iy (Q pMB REPAT A is the numberof moving body
elements).
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Fig. 5. Spatial models

The radius vectad 0determines the position of the center of mass of the object
in the G coordinate system. The position of each composite element is
determined by six generalized coordinates, three rotations andrémskations. The
transition from one coordinate system to another is performed by means of the
following vector

Q) 0B 0B 08
The coordinates of an arbitrary point of an element are determined by
2) @ H O O O 8® .
a @ ® O O g

The created 3D models are positioned on a chosen fixed Cartesian coordinate
system with a common origin of the coordinatesand «w 8Thed coordinate is
chosen according to the geometric arrangeroétive center of mass of the given
object.

3. Transformation and transfer of the created complex geometric model
of pedestrian and automobile MatlabSimulink environment

Fig. 6 represents a block diagram outlining the export of the created complex model
of Pedestrian and Automobile to Mati&mulink environment.

The geometric models created in Solidworks environment are transferred into
Matlab-Simulink environment applying Miab-Simulink software application to
achieve correct reconstruction of motion of the objects in the road traffic accident.
These models of the participants, part of theated complex model, are of utmost
importance for vehicle crashes.
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‘Complex modelin SolidWorks

Physical model of a Physical model of
pedestrian ‘automobile

Complex model
in SimMechanics

Matlab Simulink

Model in Maflab-Simulink
environment

Fig. 6. Block-diagramof the export of the complex model of Pedestrian and Automobile to
Matlab-Simulink environment

A control model has been created using Magahnulink software according to
kinematic laws of uniform, accelerated and decelerated motiameghanics. The
object of control has been the common center of mass for the system. In addition, the
knee joints and ankle joints of the upper and lower limbs has been controlled by
sinusoidal law and rotational dephasing.

Fig. 7 shows the control zone @artesian coordinates of the center of mass of
the system, as well as the angular rotation aboutatieal 0 gaxis.
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The scheme of the control being realized of the center of mass of a person
depends on types of motion - steady moti on,
the system, it is possible tombine the types of motion when reaching certain

indicators of the instantaneous velocity.
Fig. 8 shows the control zone in Cartesian coordinates of the center of mass of

the system, as well as the angular rotation about the vertigaxis.

d S_s-@
I

:

Fig. 8. Car model in Matlab environment and blatikgram of the control scheme

The proposed scheme of the realized control of the vehicle center of mass has
been derived after solving the differential equations of motion for the vehicle taking
into congderation the elastic characteristics of suspension, damping, andaie

friction forces. The system of differenti al
linear displacements, three angular rotations, wheel drive and control efvinest
steerng.

As a result, the model of spatial motion of an automobile with 12 degrees of
freedom has been created.

Fig. 9. Dynamic vehicle model
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The differential equations of motion of the vehicle have the form of:
3) G B OnNaaw B ON
a OB 0O B Y;
®© 2 &I @O
0 DO "00Q O 0Q Y D0

2 I3 I3 03I O®I3IO3 I A
O3 O & O

000 00Q OO ® I o O
O 33 OO0 o I oA
O3 O & O

0 B"Y "0 0Q 'O 0Q Y DY

2 ®9I ®O O®3I O®I3I3 0 I I8
Here 'O "Q pfB ht is the elastidorce generated by the elasticity of car tires and
springs;0. "Q pfB ht is a normal reaction at the contact point of car tires,
correspondmg to the elastic force; Q prB ht isthe velocity of the contact point
0 in the plane of the pathcry "Y 'Q ph8 ht is the friction force at the contact
points, which lie in the plane of the paiha;c — mass of the camd ; @ ; @
coefficients depending on the moments of inectfafx— acceleration of the centers
of mass[ h- —angular acceleration by Euler angle$if —angular velocity by
Euler angles.
The solution of the equatlons is in matrix form and has the type of
(4) 0 & Q20h
where 0 is a column matrix of the unknown linear and angular acceleration of the
centers of mass of the vehicles after impaxt;  square matrix of coefficients in
front of the unknowns;”O — column matrix of generalized forces.
The relative motion of the vdels, the differential(s) and the engine is related to
a system of four differential equations derived by the method of Lagrange multipliers,
which has the form of
) 0 or o,
0 03 OECIT oD QYW 0,
where™® is thetangential component of the friction force between the car tire and
the road surface, the positive direction of which is taken backwards, in the more
frequent case of movement when stopping or after loss of stability

(6) 0O *HOIO—ATO —DEI
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‘ @ isthe friction coefficient depending on the sliding speed of the contaciespot;
—radius of the wheelQ-the rolling friction coefficient{? —normal reaction in the
wheel; 'O — s quar e maficienis:in franf of thelamgulas aceeleration of
the motor wheels, depending on the inertial moments of the wheels and the engine;
r matrix-column of the angular acceleration of the wheels with two or four
propulsion system) —engine torquel) — braking torque.

The output values of the generalized coordinates of the control module represent
the input values of the object created and imported from SolidWorks into Matlab [13,
18]. Motion animation is related to a real computational proceddiffefrential
equations of motion.

4. Vehicle— pedestrian collision model

Expertise experience shows that solving the problem of pedegéiacie collision

i s associated with sever al main stages
velocity of the vehicle center of mass, determining the velocity of the pedestrian
center of mass, investigating the possibility of preventing accidents at certain speed
of motion as well as at maximum speed allowed for the road section. Apart from that,
different research hypotheses are sometimes introduced, such as whether it would
have been possible for the accident to be prevented by some driver actions and what
actions. These hypotheses require complex computational procedures, which are
sometimes nawithin the capabilities of real computation but of conjecture.

In the analysis shown, these various hypotheses could be expressed by setting
initial conditions of motion, namely to specify the initial velocity of the center of
mass, the law of change tife heading angle, the investigation of driver reaction
time, etc.

In case a hazard is posed to the driver or unanticipated event places the onus
upon him, he shall take action to prevent the impact. This is mainly related to the
activation of the brakingystem and/or turning the steering wheel. Until maximum
braking efficiency is reached, the total time of stopping the vehicle is driver reaction
time, brake activation time and travel time delay increase. It is considered that the car
travels a distance @fin steady motion and it is obtained according to the dependence
[7-12]:

(7 0 0 0 0 8,

whereo O — driver r &s @o-n sher atkiemeac i @ at i on
maximum travel time delay increase; | 7O — pre-impact vehicle velocity of the
center of mass.

The distance the car driver perceives the crash risk is obtained according to the
dependence:

(8) 0 0 0o 0o 0w —,
wherew | 70 is thevehicle velocity of the center of mass reaching maximum
efficiency;w | 7O is thevehicle velocity of the center of mass at the moment of

impact;’Qi 7O is thenegativeacceleration.
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The characteristics of the engine at forced idlingfter perceiving the crash
risk and the braking torque have the type, shown inlfig
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IV:ig. 10. Change of torque based on ReM &

On the other hand, it is generally assumed that the steady motion of the
pedestrian is according to tdependence
9 0 wd ,
where w is thepedestrian velocity of the center of mass:-the pedestrian time of
motion;w —theacceleration at the start of the pedestrian

Actually, it is common practice the study of this motion to be associated with

mixed motion in initial acceleration according to the dependence:

(10) R

where @ is the pedestrian average accelerafiom - the initial speed ofthe

pedestrian when entering the lane.
This computational procedure requires averaging approach to be implemented
S0 as not to deal with dynamically changing values.

5. Experiments to prove the operability and adequacy of the created
models

In the course fopresent study, experiments have been conducted with input data
describing a situation of a road hazard accident with a pedestrian. Subsequently, the
created model has been subjected to three variants of driver reaction in order to
prevent the accident.HE experiments have been performed iatlbSimulink
environment, and each of the three variants of driver reaction has been a set of data
specified by a program in the management and control units of the model designed
in Matlah

To conduct the experimés) the following activities have been carried out
implementing the systems engineering information method described above:

1 Geometric 3D models of a vehicle and a pedestrian were created in
SolidWorks product development environment;
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9 The created geometrianodels were exported in Matk&imulink
environment ).

Input data: A car moves on a straight section of a road at velocity of center of
massw U TE [TE A pedestrian enters on the right along the lateral direction in
initial accelerated motion and at initial speed; & [ 7E. After reaching the velocity
of @ E ITE of the center of mass, the latter remains constant until the point of impact.

Variant 1. A car moves on a straight section of a road at velocity of center of
massw U TE [TE A pedestrian enters on the right along the lateral direction in
initial accelerated motion and at initial speed; & [ 7E. After reaching the velocity
of 6 km/h of the cemr of mass, the latter remains constant until the point of impact.

The driver reaction time i® 1@ Q braking system time to collision is
0 & Q brake application delay time is 0 & s; the pedestrian enters
across the lane and into the adtuminated corridor at a distancelof ¢ @i from
its front gauge.

Taking into account the resistance forces between the tires and the road surface,
the forced idling of the engine and réhe brakng torque change, the following
graphical dependences are obtained (Fig. ddéh b) Fig. 11a shows graphical
dependences of the change of the velocity projections of the vehicle center of mass
w andw as well as the change of the angular velodibpad the vertical axis as
a function of the time.

Fig. 11b shows graphical dependences of the change in the walking speed of the
pedestrian center of mass, denotedvasandw , as well as the angular velocity
about the vertical axis
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Fig. 11.Change of vehicle velocity center of mass and pedestrian velocity center of mas

Fig. 12a shows graphical dependences of the change of the trajectories of
the center of mass of the car "Qw , as well as the change of the trajectories of
the pedestrian center of mags "Qw . Fig. 12b shows graphical dependences,
reflecting the change of the angular velocity of the wheels as a furdtitre
time 0.

Fig. 13 shows a visualization of thr@jectory of both the car and the pedestrian,
reflected in discrete positions of the two objects in motion to the contact area,
generated in the simulation process. The solutions of the system of twelve differential
equations of motion determine the chanfjhe generalized coordinates as a function
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of time for the car at a selected time step@®fO The solutions of the system of three
differential equations of motion for the pedestrian determine the change of the
generalized coordinates as a functidrtime at a selected integration time step of

@ O The figures show some of the position based visualisation and management of
the objects.

=351

\ , !
10 15 20 25 30 35 Ls
xa, xap, m
a b
Fig. 12. Trajectory of the center of mass of the car and of the pedestrian and change of the ¢

wheel speed

Fig. 13. Discrete event simulation model of the two objects in motion towards the point of ii
According to the dependence (8) the car speed at the moment of impact is:
(11) ) ®w ¢d» o o mo ¢chQ

P& ¢ X pdm ™ W ™ ¢ @ XW=
pEIjO o®EIE

when comparing the value according to the method, the car velocity of center of mass
is®w whplijO o®WEIES

Based on the conducted kinematic and dynamic study, a significantly more
accurate analysis ¢he mutual positions of the two objects in discrete positions is
observed.

Variant 2. The car driver takes action to prevent the accident by turning the
steering wheel. Given the same initial conditions of the two objects in motion, the

16z



question is as fatws: What would be the mechanism of the accident and would it be
possible to be prevented?

To study the motion, it is accepted that the driver turns the steering wheel left
and then right with full control and without loss of lateral stability. The chahtie
angle of the steered wheels is shown in Eily

Taking into consideration the thgavement friction, the forced engine idle
speed, the change of the braking torque in time, the graphical dependences are
obtained. (Fig. 15). Figl5a shows graphical dependences of the change of the
velocity projections of the vehicle center of mesandw, as well as the change of
the angular velocity around the vertical axisas a function of the timé

Fig. 15b shows graphical depdemces of the change in the velocity of the
pedestrian center of mass, denotedvasandw , as well as the angular velocity

about the vertical axis

Vx, [mis], Vy, [mfs], om, [s-1]

t ts ¢ o0z o ° . P
el o ez a4 08 08 1 2 14 18 18

a b
Fig. 15. Changes in the centers of mass of the car
and of the pedestrian

Fig. 14. Steering wheel
angleof steerable wheels

Fig. 16a shows graphical dependences of the change of the trajectories of the
vehicle center of mas® "Qw , as well as the change of the trajectories of the
pedestrian center of mass "Qw . Fig. 16b shows graphical dependences,
reflecting the change diie angular speed of the wheels as a function of thedtime

xa=f(ya), xp=f(yp)

15 20
xa, xap, m

a

25

04 06 08 1 12 14 16
ts

b

Fig. 16.Trajectories of the vehicle center of mass and the pedestrian center of mass.
Change of the angular velocity of the car wheels

Kinematic analysis shows that the driver prevents a-beatbllision with the
pedestrian, but there is a side impact to thesdzody. Similarly, the kinematic values
can be obtained at that moment adang to the undertaken actions.
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Fig. 17 shows a visualization of the car trajectory and that of the pedestrian,
reflected in discrete positions of the two objects in motion to the contact area,
generated in simulation process. The solutions of the systéwelve differential
equations of motion determine the change of the generalized coordinates as a function
of time for the car at a selected time step@fO The solutions of the system of three
differential equations of motion for the pedestrian deiee the change of the
generalized coordinates as a function of time at a selected integration time step of
@ O The figures show some of the position based visualisation and management of
the objects.

Fig. 17. Discrete event simulation model of the two objects in motion towards the point of im

Variant 3. A car driver makes a stop while maintaining rectilinear motion and
a pedestrian enters at a higher initial velocity of the center of masg 6¥E and
reaches an instantaneous velocity afE i 7E.

Taking into consideration the thgavement friction, the forced engine idle
speed, the change of the braking torque in time, the following graphical dependences
are obtained (Fig. 18). Fig9a shows graphical dependences of the change of the
velocity projections of the vehicle center of messaandw, as well as the change of
the angular velocity around the vertical axisas a function of the time

Vx, [mis], Vy, [mis], om, [s-1]
Vi, [mis], Vyp, [mis), omp, [s-1]

a b
Fig. 18.Steering angle of the  Fig. 19.Velocity change of the vehicle center of mass and tt
steering wheels pedestrian center of mass
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Fig. 19b shows graphical dependences of the change in the speed of the
pedestrian center of mass, denotedvasandw , as well as the angular velocity
around the vertical axis

Fig. 20a shows graphical dependences of the change of the trajectories of the
vehicle center of mas® "Qw , as well as the change of the trajectories of the
pedestrian center of mass "Qw . Fig. 20b shows graphical dependences
reflecting the change dfie angular velocity of the wheels as a function of ne

— st et .

ya,yap, m
o

om 1-4, s-1
5

-4 - - ; 0 0.5 1 15 2 25 3
10 15 20 25 30 35 ts

xa, xap, m

a b
Fig. 20. Trajectories of the center of mass of the car and of the pedestrian center of mass and
of the angular wheel speed

Fig. 21 shows a visualization of the trajectory of the vehicle and the pedestrian,
reflected in discrete positions of the two objects in motion to the place of impact,
generated in simulation process. The solutions of the system of twelve differential
equatiors of motion determine the change of the generalized coordinates as a function
of time for the car at a selected time step@®fO The solutions of the system of three
differential equations of motion for the pedestrian determine the change of the
generaked coordinates as a function of time at a selected integration time step of
@ O The figures show some of the position based visualisation and management of
the objects.

Fig. 21. Discrete event simulation model of the two objects in motion towards the point of in
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The kinematic analysis shows that the two objects would diverge and there
would be no contact between them. The car in question is at rest, and the pedestrian
is outside the autdominated corridor.

6. Conclusion

The numerical experiments performed show that the proposed information model
adequately reconstructs real life road traffic accidents. The designed complex model
makes it possible to reconstruct varionsgible actions of the driver by changing the
input data in the computing part. This in turn, defines the model as applicable to the
study of various cases of vehigdedestrian collisions.

The implemented approach allows using iterations to predict vitlhedegree
of accuracy the final outcomes and gives an answer to the frequently asked question:
“What driving skills does a driver need so as to avoid a collision with a pedéstrian?
generating different hypotheses of actions taken. The geometric @tégipn of a
traffic accident through simulation allows for accurate visualization of the behaviour
and condition of objects, their geometric locations relative to each other, before,
during and after the accident.

Solving the differential equations of nan of the car taking into account
friction forces, elastic suspension of the suspension and tires, damping forces,
gravity, dynamic characteristics of the engine at forced idling allows to predict with
great accuracy the mutual positions of individualeotg in motion to the point of
impact. Precision is of great importance when options are small and distances short
to prevent contact.

Last but not least, the realization of the proposed dynamic model with particular
visualization is widely used in iderigation of such traffic accidents in courts.
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