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Force in Cable of Pretensioner Tube — A Method of
Car Accident Reconstruction

Adrian Soica

Department of Automotive and Transport Engineering, Transilvania University of Brasov, 500036 Brasov,
Romania; a.soica@unitbv.ro

Abstract: The reconstruction of traffic accidents has grown as an interdisciplinary field since the first accident
occurred. Various methods have been developed over time, starting with primary data collected at the scene
of the accident. In this work, I proposed a method by which the value of the force in the safety belt buckle can
be determined when it is equipped with a pretensioning system with pyrotechnic trigger in the tube, PBP or
PLP type. The anti-return system of the pretensioner mechanism, which prevents the passenger's body from
moving forward, contains a set of balls that block the movement of the piston in the pretensioner tube after its
activation. When limiting the movement, the force the human body exerts on the safety belt webbing is
transformed into the deformation of the pretensioner tube by the balls of the anti-return system. Depending on
the magnitude of the force, the marks left by the balls differ. I propose a relationship of dependence between
the acting force and the deformation of the tube. An experimental test bench was created to perform shock
traction tests on the pre-tensioning system, under similar conditions to those of the human body acting on the
belt in case of a frontal collision. Following the tests, the force value of the seat belt buckle cable and the
diameter of the spherical indentations that the balls left in the pretensioner tube were measured. A
mathematical model was proposed to determine the normal force with which a ball from the anti-return system
deforms the tube. The normal force was also determined by two other methods specific to contact mechanics
and used in the specialized literature. By comparing the normal forces obtained by the three methods, a good
correlation between the proposed mathematical model and the Komvopoulos-Ye method resulted, the
"Hardness" method not being suitable for this study. The determined polynomial regression curve allows
finding out the force in the cable of the closer depending on the size of the deformations produced by the balls
in the tube. The forces in the belt webbing can be thus determined and biomechanics specialists can evaluate
the injuries to the chest and abdomen of the occupants of a vehicle.

Keywords: accident reconstruction; seat-belt; PBP and PLP pretensioner; force-deformation
polinomial regression; tube indentation

1. Introduction

Vehicle accident reconstruction is a multidisciplinary field that often involves collaboration
between, engineers, forensic experts, and law enforcement personnel. The goal is to piece together a
comprehensive and accurate understanding of the traffic collision for safety and legal purposes.
These techniques help investigators to determine factors such as the speed of the vehicles, point of
impact, and the sequence of events. Some common car accident reconstruction techniques comprise:

Immediately after the accident, police officers take measurements and photographs at the
accident site using topography equipment or laser scanners. They help create accurate, scaled
sketches of the accident. Photogrammetry is a laboratory method that involves the analysis of images
taken at the scene of the accident to create 3D models. These models can help determine vehicle
positions, speeds and impact angles. This is done by technical experts who have access to the data
collected by the police at the scene of the accident. Likewise, in the first stage after the accident,
thorough examinations of the vehicles involved are carried out to assess damage patterns, tire marks
and other physical evidence. This information helps determine the point of impact and the speed of
the vehicles. The analysis is carried out by technical experts or forensic officers;

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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By studying skid marks, yaw marks, the scattering distance of the fragments and other tire
impressions, experts can analyze the acceleration, deceleration, and braking behavior of the vehicles
involved. This is one of the oldest methods of accident reconstruction; it is usually done immediately
after the traffic accident;

An exact method of accident reconstruction is carried out in research centers approved by
builders and various authorities in the field. Controlled crash tests using similar vehicles can help
recreate and understand the collision in depth. These tests provide data that can be compared to the
actual crash in order to validate reconstruction results, but they require expensive test facilities and
precision equipment to measure and record the data. Computer software is used to create simulations
based on available evidence. This includes inputting data such as vehicle speeds, impact angles,
travel conditions of traffic participants, acceleration, deceleration, as well as road conditions
(adhesion) to model the collision and its consequences. Various software applications such as
Madymo, PC-Crash, Virtual Crash, PAM-Crash with powerful databases of vehicles and their
occupants are used;

Many modern vehicles are equipped with event data recorders, which record various data
points before, during and after an accident. For instance, this includes information about speed, brake
status, throttle position and so forth. Key data may be downloaded by specialized personnel from
these "black boxes" in the event of an accident. Analyzing the forces in a seatbelt involves
understanding the physics of restraint systems during a vehicle collision. Seatbelts play a crucial role
in protecting occupants by distributing and managing the forces generated during a crash. In a
collision, the seatbelt applies force to restrain the occupants and prevent them from continuing to
move forward.

During a collision, a vehicle undergoes rapid deceleration. Seatbelts are designed to slow down
this deceleration experienced by occupants, spreading the forces over an extended period to reduce
the risk of injury. Many modern seatbelts are equipped with load limiters. These devices allow a
controlled amount of webbing to spool out during a collision, reducing the peak forces applied to the
occupant. Pretensioners are devices that retract the seatbelt slightly during a crash, removing excess
slack. The seatbelt webbing is a critical component in distributing forces. The tension in the seatbelt
is carefully calibrated to manage the energy absorption during a collision while avoiding excessive
loading on the occupant. Various safety standards and regulations establish performance criteria for
seatbelt systems. Compliance with these standards ensures that seatbelts provide effective restraint
during crashes.

Different seatbelt systems have been investigated for decades due to their potential for
distributing belt forces and for providing alternative load paths for the head in both frontal and lateral
impacts. [1] The space within the vehicle interior allows the restraint system to dissipate a larger
amount of the occupant’s energy during the collision event without the occupant being injured by
the shoulder belt restraining load. [2]

The 3-point belt is a generally accepted and effective way to restrain vehicle occupants in case
of a frontal impact. The overall lifesaving effectiveness was estimated to amount to 61% [3].
Nevertheless, performance can be improved. Pretensioned and force-limiting seat belts in
combination with airbags were shown to significantly reduce thoracic loading and consequently
thorax injuries for a driver [1,4,5]. As an output of the restraint system, the seat belt behavior can be
influenced by different parameters; for example, occupant anthropometries, belt geometry, and crash
severities [6].

The seatbelt provides initial restraint to the occupant body from the beginning of collision, while
the airbag can distribute the restraining load over the chest. Accident data analysis shows a benefit
of seatbelt load limiters in frontal collisions, and a load limiter value of 4kN was proposed to achieve
a good balance with the airbag [7-9].

In [10,11] are presented studies on the dynamic deformations produced by spherical projectiles
at high speeds. We consider that the level of energies produced during the interaction between the
target and the projectile is much too high to make comparisons with the present situation, and
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subsequently these studies are not suitable for determining indentations with much smaller
dimensions as found in the case of pretensioning systems.

The aim of the paper is to determine the force in the buckle cable of the safety belt equipped with
the PBP-Pyrotechnical Buckle Pretensioner or PLP-Pyrotechnical Lap Pretensioner system. The
method is applicable in the case of a frontal impact of a vehicle by measuring the marks that the balls
of the anti-return system of the pretensioner leave on the tube and the piston of the system. Once the
tension in the buckle cable is established, the force in the seat belt webbing and its action on the
occupant's chest and pelvis can then be determined. It is known that this depends on several factors
previously mentioned and analyzed in various studies. Among these factors we mention: the
anatomical constitution of the passenger, his age [12], the position of the driver [13], the intensity of
the impact as well as the construction and adjustment method of the seat belt safety [6,14,15].

Thus, a new method is proposed to help in the reconstruction of traffic accidents, by analyzing
the PBP type pretensioning mechanism of the safety belt, Figure 1. During a traffic accident, when
the passengers are restrained with the seat belt, their forward body movement is limited by the belt
webbing. The webbing is connected through the belt buckle, by means of a cable, to the piston of the
mentioned system. The anti-return system of the pre-tensioning limits the movement of the
passengers towards the dashboard. The force with which the passenger's body acts on the belt is
transformed into the deformation of the tube pretensioner.

Figure 1. The PBP pretensioner, area of interest for proposed method.

Experimental tests were carried out on a specially designed installation, with various traction
forces, using the pretensioning system from a safety belt with three-point attachment. The belt model
in three points is, in accordance with the European Union's general approach to "Vehicles" in the
Transatlantic Trade and Investment Partnership negotiations, equipped with PBP (Pyrotechnical
Buckle Pretensioner). This document considers, as a test case, the US and EU legislation regarding
seat belt anchorages. The presence of the occupant in the seat or on a special catapult-type stand is
not necessary, because only the deformations in the PBP piston/cylinder (tube) pretensioning
mechanism were analyzed. The goal is to make a correlation of these deformations with the force in
the cable leading to the seat belt buckle. The distribution of effort on the two loops of the strap and
the effects on the human body are not the subject of this study, some of these aspects being presented
in various studies such as [12,16].
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2. The Phenomenon Description and Used Methods

The pyrotechnic pretensioning systems, with cable, are found on the PBP and PLP models. In
terms of location/position, they also coincide with the seat belt anchorage points in the area of the
central tunnel of the body, respectively on the B-pillar, in the lower area. Their components include:
e  The guide tube of the piston, which usually has a built-in pyrotechnic staple. It is the element

that deforms in the process of blocking the anti-return system;

e  The piston, mounted at the end of the belt buckle cable, for the PBP model. It is pushed by the
force of the gases generated by the pyrotechnic staple and reduces the slack in the belt webbing.

It has a special shape, geometry similar to a truncated cone, with generators inclined at

approximately 7 degrees. Its shape allows blocking the reverse movement of the belt cable, after

the pyrotechnic staple has been triggered.

e  The balls of the anti-return system are mounted in a special plastic cage, similar to a bearing
cage. Their arrangement is around the conical area of the piston, on its generators. They make
contact with both the piston and the tube.

The process of blocking the pre-tensioning mechanism, type PBP, is carried out as follows:

e  After activating the pyrotechnic staple and performing the tightening stroke of the seat belt on
the occupant's body, the passenger tends to move forward due to inertia in the event of a frontal
impact. At this moment the balls of the anti-return system come out of their resting position and
tend to "climb" the conical surface from a smaller diameter to a larger one, until the moment
when the piston-balls-cylinder mechanism stops;

e  The intensity of the force with which the occupant's body acts on the belt straps will lead to the
deformation of the piston and the cylinder, the balls leaving imprints in them, Figure 2.

Cylinder tube ,cylinder
Cable Force deformation

Piston

Figure 2. The functioning of the anti-return system for the PBP tube during the blocking of the

pretensioning mechanism.

At the contact between the balls of the locking mechanism and the piston, respectively the
cylinder of the pre-tensioning tube, normal reactions will occur on the surface of the piston and
cylinder due to the traction force from the belt. These will cause the human body to stop advancing
after pre-tensioning by deforming the material of the piston and cylinder.

We identify the situation of a spherical contact with indentation in plastic regime studied under
various aspects in [17-22]. These were studied in numerous works, starting with the early years of
the 20th century, for the development of models for testing the hardness of materials [23,25,26], as
well as for the determination of spherical indentation in the elastic-plastic regime [24,27-29].
Throughout the time, the study of the indentation contact has attempted to develop models for testing
material hardness. In the indentation models, contact between a rigid sphere and a deformable flat is
considered as shown in Figure 2, where “N” is the normal force that acts on the indenter, “D” is the
diameter of intender, “d” is the diameter of indentation and “h” is the depth of indentation on flat
wall. Points A, B and O define the angle “¢@” of spherical head, which is used to establish the depth
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of indentation. The simplified diagram of the plastic deformation mechanism of a straight surface
under the action of a normal force is presented in Figure 3.

Figure 3. Normal force and deformation occurring at the contact between the balls and the
cylinder/piston.

If the pulling force, generated by the movement of the passenger's body, is high, settlement
deformations can also occur on a certain length of the cylinder generator, Figure 3. In the proposed
model, the tangential acting force is given by the force with which each ball acts on the tube. Figure
4b shows the traces left by the balls on the cylinder wall during the blocking of the pretensioning
mechanism.

(a) (b)

Figure 4. Deformation by settling along a certain length, a - schema, b — real.

The presence or absence of a webbing force limiting mechanism (RLE) and the magnitude of the
force at which this system comes into action, influences the way the cylinder is deformed by the
locking balls. Figure 5 shows the sectioned tube of the pretensioning system, after being acted upon
with the traction force of the cable written here as "Fcable". Also, as it can be seen, the ball cage, which
holds the balls on the tube generator and piston, the piston and the cable crimp on the cable end. By
analyzing the marks left by the balls in the cylinder and in the piston, Figure 4, the diagram of the
forces acting on the anti-return system of the PBP type pretensioning mechanism can be drawn up.
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Figure 5. Example of cylinder deformed following the functioning of the anti-return pretensioning
mechanism PBP.

3. The Models

Three mathematical models, one model proposed by the author and two models taken from the
literature have been used to determine the normal force with which the ball acts on the tube of the
pre-tensioning system. The force values have been compared in order to validate the results.

3.1. Proposed Model

The diagram depicted in Figure 6 shows the forces acting on the anti-return system, which is
composed of a piston-ball-tube, in the stage of blocking the passenger's movement due to inertia.
Through the movement of the piston, given by the force in the cable "Fcable" generated by the human
body, the ball moves on the shape of the inclined plane of the piston and comes into contact with the
piston and the tube of the pretensioner, causing the system to block and the deformation of these
components which have a much higher hardness small. Basically, the ball has the role of a feather.
From the balance of the forces on the X and Y axes it follows (the forces corresponding to the action
of the ball on the cylinder and the piston have been illustrated).

: Iysinfes)
Cylinder Wy costa)

tube My cos( o)

Piston

F(ahle:

piston movement
tendency
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Figure 6. Diagram of forces for the mathematical model proposed.

The force acting on a ball is given by the ratio of the force in the traction cable to the number of
balls mounted on the piston generator:

F
F= cable (1)
n
F-cos(a)+ u, N, +m-g-sin(e) — N, -sin(e) — g, - N, -cos(a) =0 (2)
F-sin()—-N, —m-g-cos(e)+ N, -cos(e) — , - N, -sin(ex) =0 (3)

By writing the moments relative to point A or B we have
m-g-sin(a) - r-cos(a) + F -cos(a) - r - (1+cos(er))—m- g - cos(a) - r -sin(a) +...
+F -sin(a) - r-sin(a) - N, -r-sin(a) + 1, - N, -r - (L+cos(a)) = 0

4)
m-g-sin(e)-r—u, -N, -sin(e) -r-sin(a) — g, - N, -cos(a) - r -(1+cos(a))+...
+N, -cos(a) - r-sin(a) — N, -sin(a) - r - (1+cos(ar)) = 0

)

The reaction forces, N1 and N2, which cause the deformation of both the cylinder and the piston,
are determined from relations (4) and (5). The friction coefficient between the ball and the piston,
respectively the pretensioner tube, is chosen, in accordance with the data from [30-32], at a value of
0.15-0.2. It depends on the contact pressure between the two materials as well as on the sliding speed
between them. As the speed and contact pressure increase, the friction coefficient decreases [33].

3.2. Determining the Normal Force of Action through the Hardness Method

Knowing the hardness according to Brinell method [25] of the piece in which the ball of diameter
"D" left its mark and having the diameter "d" of the spherical indentation, the force with which the
piece was acted upon can be determined, using a reasoning similar to the one applied to hardness
determination by Brinell method. According to the diagram depicted in Figure 3, the value of the
normal force of action is given by relation (7).

. 2.N
7-D-[D-D?-d?
N:ﬂ.D.HB.(DZ—,/DZ—dz) -

The angle of the spherical cap that penetrated the material can be obtained from the triangle

OAB, Figure 2

d

in| @ 2

sin| — |=—= 8

(2]-2 ®
2

wherein the depth with which the ball penetrates the material is determined from the triangle AOB

and is described by the relationship:
D D
h=———"cog £ ©)
2 2 2

The value of the normal force, which deforms the tube, described by relation (7) is compared
with that of the theoretical model given in relations (4) and (5).

(6)

Wherein

3.3. Plastic Regime with Spherical Indentation
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Determining the normal force of action by the method described in [17] requires knowledge of
the material properties, E — Young modulus, Sy - yield strength and Poisson ratio, for the ball with
the role of the spherical indenter and the cylinder with the role of the part where the deformation
takes place.

1 1-vf 1-v:
—=—1 44— (10)
E E, E,
1 1 1
e Rl (11)
R R R,
A dimensionless factor is defined
Sy a
Where:
2
RGRG
a=.|—|-—=—-h (13)
2 2
A=r-a”? (14)
%=0.05-(|n Q)*-0.57-(InQ) +2.41 (15)

When Q >1.78, the elastic—plastic small deformation phase persists until Q <21. For 21 < Q <400,
the contact occurs in the elastic—plastic medium deformation phase and it has been considered to be
consistent with the conventional hardness relation (note that this is the value assumed in their
model). When Q > 400 the contact is in elastic—plastic large deformation phase [17].

Depending on the value of Q, for the cases analyzed, according to [17]

N
—=29-S 16
A y (16)

Hence, the value of the normal force N, which is compared with the one obtained from solving
the system given by relations (4) and (5).

3.4. Virtual CAD-3D Models

Through CAD-3D modeling, the penetration depth of the ball can be determined virtually on
surfaces with different geometries, depending on the diameter of the imprint. Thus, we modeled two
surfaces, Figure 7, one flat and one cylindrical respectively, on a 1:1 scale, with the aim of determining
the penetration of the ball into the material of the cylinder/flat surface, depending on the diameter of
the measured imprint that the ball of the anti-return system leaves when the locking mechanism is
blocked. The elliptical shape of the imprint left by the ball on the surface of the cylinder is observed,
as opposed to the circular shape, in the case of the flat surface. As the curvature of the surface tends
to infinity (flat surface), at the same depth of penetration, a smaller diameter of the imprint will result,
and the shape tends to undergo an elliptical-to-circular transition.

Table 1.
Plane Surface Cylindrical Surface
Item

h d h d1 d2
1 0.05 0.76811 0.05 0.83840 0.76811
2 0.1 1.07702 0.1 1.1742 1.07702
3 0.15 1.30767 0.15 1.41726 1.30767
4 0.2 1.49666 0.2 1.61644 1.49666
5 0.3 1.80 0.3 1.93071 1.80

d0i:10.20944/preprints202403.0841.v1
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d2

(b)

Figure 7. Shape of indenters on both flat and cylindrical surfaces (a), image size increased on the
penetration depth of the spherical indenter in the virtual model (b).

4. Experimental Setup

The experimental tests were done on a test rig shown in Figure 8. A system with a spring is used
to simulate the resistance of the human body and the force with which it acts on the safety belt strap
with the body area (chest in particular). The PBP type pretensioning system is fixedly mounted,
maintaining the angle that the pull cable of the closer has when mounted on the vehicle. The main
geometric characteristics and properties of the materials are:

e  The tube of the pretensioning system has an inner diameter of 18 mm;

e The ball of the anti-return system has a diameter of 3 mm;

e The material of the tube is carbon steel EN 10305-1 or ISO 33044, with hardness HB 149;

e  The ball is made of stainless steel X46Cr13, ISO 3290-1 or EN 10088, with a hardness of 56 HRC;
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A
I Fcable

klock I
pretensioner

Figure 8. Experimental test rig schema.

A HBM C9C - 20 kN force transducer was mounted on the traction cable, at a sampling
frequency of 4800 Hz. In the first phase, the pyrotechnic system is triggered, which develops a pulling
force on the buckle’s seatbelt cable. During this time, the displacement of the piston in the tube of the
pretensioning system occurs. The second stage of the tests, in which the pretensioner is blocked and
the marks left by the balls in the system tube appear, begins when the passenger's body (with the
chest and pelvis area), due to the inertia and intensity of the impact, pulls the webbing, therefore the
cable traction with “Fcable” force. During the tests, the human body was replaced with a compressed
spring. The energy accumulated is released upon decompression and it subsequently acts on the pre-
tensioning system, which, through the mounted anti-return balls, blocks the release (unwinding of
the strap). In real accidents, this blocking is translated by preventing the passenger from moving from
the vehicle towards the dashboard.

The force developed in this stage, “Fcable”, acts on the occupant's chest and pelvis. If a certain
value is exceeded, the seat belt can trigger a limitation of the effort on the chest. The force values of
the force limitation system (RLE) are set by the seat belt manufacturer, depending on the vehicle
manufacturer's requirements. The tension limiting force on the passenger's body, in most types of
safety belts used, can be constant, progressive or degressive. The threshold value at which the RLE
system is activated is between 2-4 kN. In this way, less severe injuries may occur to the occupant's
chest.

5. Discussion

The acting force in the safety belt buckle cable is divided into "n" forces that act on the balls kept
equidistant through a special cage, all around the tube generator, Figure 5. The present analysis
considers the force in the cable equally distributed on the number of balls. The acting time of the force
in the cable differs depending on tests, considering the degree of compression of the spring, but we
can say that it is approximately 10 ms, Figures 9-11. The deformation produced in the pretensioner
tube is two-fold, under the action of both normal and tangential forces, a fact due to both the
geometry of the parts and the acting force in the cable. The indentation left by a ball in the tube takes
the form of a drop. The marks left by the balls on the tube generator have been compared and
deviations of up to 10% of the measured diameters have been found. For the proposed mathematical
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model, during the action of the force, it is considered that only the tube deforms plastically. The
accuracy of the obtained results can be influenced by the characteristics of the materials in contact.

Thus, elastic deformation in the spherical indenter can cause prediction errors of up to 12%, as
shown in [34]. Tabor [35] suggested that the yield strength of a spherical indenter should equal 2.5
times that of the flat indenter to prevent plastic deformation of the indenter. For the steel ball, Sy is
approximately 650 MPa, and for the tube material it reaches 350 MPa [36].

N\ —3.220000...

\ Area of interests
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[ —
--"'""'—‘
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Figure 9. Force acting on buckle cable, sample test 11.
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Figure 11. Cable force sample for test 5.

Eleven experimental tests were performed, with various action forces in the shutter cable. In the
case of test no. 4, Figure 10, the values cannot be used because of the displacement/movement of the
tube while the force is acting in the cable, it did not remain firmly fixed, thus the force at the moment
0.81 seconds shows two humps, unlike the other cases, Figure 11.

Values of forces measured and dimensions of marks are given in Table 2.
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Table 2. Data about values of forces, indentation diameters and depths.

After performing the tensile tests, in a first step, the dimensions of the spherical indentations
obtained through the virtual CAD-3D model were compared with those obtained after the
experiments. In Figure 12 we have represented the values of the diameters that define the elliptical
shape of the indention on the curved surface, together with their two trendlines. Following the
experiments, the shape of the indentations marks in the tube was predominantly close to the diameter
"d2" of indentation, their size fitting in the corridor defined by the two trend line curves. From the
microscopic analysis, it was not possible to highlight the elliptical shape of the deformation, most
plausibly due to the deformation process under the action of a normal force as well as the tangential
one.

- N

W CAD- y = 0.9610.0916016 022 D009

Indentation depth [mm]

Diameter [mm]
- /

Figure 12. Values of diameter indentation for 3D model and experimental data.

Thus, a good correlation is observed, the deviations, insignificant, observed probably due to the
measurement errors of the indentation diameters, prompted us to proceed to the stage of determining
the forces. The values of the indentation depth were determined by calculation with relations (8) and

©)-
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Figure 13. Sample of diameter measure based on experimental data.

In the next stage, the normal forces with which the balls act on the cylinder are compared by

using three methods:

e the mathematical model proposed in this study;

e  the "hardness" model;

. the Komvopoulos-Ye model, described in [17,28,29].

The force in the cable, obtained experimentally, was calculated as the average of the values over
its range of action, see Table 2. These values cover the 1000-2400 N range, mostly up to the limit in
which the effort limiter in the safety belt retractor would come into operation. The normal force with
which the ball acts on the tube is determined, in the proposed mathematical model, starting from the
force value measured in the belt buckle cable. The force values are lower than those determined by
the "hardness" method. There is a good grouping of the values along a trend line (blue line). The
coefficient of determination (R?) is 0.977, Figure 14.

1600

4 Mathematical
1400

B Komv.-Ye

1200 —— Mathematical model

—— Model Komv.-Ye
1000
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Normalforce [N]

600

400

200
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0.4 0.5 0.6 0.7 0.8 0.9 1 11 1.2 1.3
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Figure 14. Normal forces for proposed model and elastic-plastic model, as function of indentation
diameter.

In the model described in [17], the value of the normal force that produces the indentation has
more grouped values compared to the trend line (red line), the coefficient of determination (R?) being
in this case 0.996, Figure 14. The values of the forces are the lowest, by comparison with the other
models wherein they were determined.

Between the proposed method and the one in [17], the ratio between the normal forces that
deform the tube is between 0.99 and 1.134. Comparing the two trendlines, it is found that they are
theoretically parallel, showing the same tendency, with the difference between the values of the
forces slightly larger towards the small values of the indentation diameter and decreasing towards
the larger diameters. In Figure 15 a comparison of proposed method and elastic-plastic spherical
indentation model is presented.
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Figure 15. Comparison between proposed model and elastic - plastic model.

The normal strength values, obtained through the "hardness" method, are the highest, with
variations of 32-40% compared to those resulting from the Komvopoulos-Ye method. Moreover, this
is considered outdated in contact mechanics for the purpose of determining the plastic deformations
of materials [17] and, therefore, we do not consider this method useful for the present case. The
technical or judicial expert in traffic accidents can have easy access to the safety belt pre-tensioning
system. In the case of a PBP or PLP type system, data can be obtained about the size of the
indentations that the balls of the anti-return system have made in the tube. Based on a regression
curve, the dependence between the force in the cable and the size of the mark can be determined with
the traction force from the safety belt.

Thus, in the last stage of the analysis, we propose to establish a polynomial curve by which it is
proposed to approximate the force in the cable of the seat belt buckle depending on the diameter of
the mark left by the balls of the locking system in the pretensioner tube, Figure 16. The coefficient of
determination (R?) is 0.92, which authorizes us to consider that in this way a good prediction can be
made for the establishment of this useful force in the reconstruction of traffic accidents, starting from
the marks left by the balls of the anti-return system during the traction appearing in the safety belt
buckle cable.
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Figure 16. The proposed regression curve Force - Indentation.

6. Conclusions

The method can provide information for the analysis and reconstruction of traffic accidents by
establishing the force with which the passenger's body acts on the seat belt buckle at the time of
impact. This data can help to further determine the intensity of the frontal impact and the forces on
the occupant's torso, especially at the level of the ribcage. The determination of the forces with which
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the spherical indenter acts on the tube of the pretensioning system has been carried out by using three
methods.

The proposed mathematical model and the method described in [17] show close results, the
difference between not exceeding 10%. We believe that the model based on hardness measurement
is not feasible for this type of analysis. A polynomial regression function, with a coefficient of
determination (R?) = 0.92, based on the results of experimental tests, was proposed to establish the
traction force in the seat belt buckle cable, depending on the deformations in the tube of the PBP
pretensioning system.
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