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Abstract: An essential element for driver safety is represented by the Impact Attenuator (especially
for race cars). The effect of the Impact Attenuator can be seen in the behavior of a dummy, tied with
a seat belt, in a frontal collision with a rigid wall. The loads that act on the dummy are determined
and checked to see if they fall within the values recommended by existing standards. The car is
considered a structure with a dummy fixed with a seat belt and equipped with an Impact Attenuator.
Two types of Impact Attenuator having constructive similarity and symmetries are studied, made
up of three different materials and different thicknesses of material. The behavior of the dummy
was studied, considering a frontal collision of the car-dummy assembly, in accordance with existing
standards. Using simulation software, the accelerations were determined at various points on the
mannequin’s body and the force appearing on the seat belts was determined. The Gibbs—Appell
equations are the method used to determine the dynamic response in this problem involving shocks.

Keywords: shocks; Impact Attenuator (IA); safety belt; frontal collision; dummy

1. Introduction

Passenger safety is an essential objective in automotive engineering. If you take into
account the development that the automotive industry has undergone, the importance
of this aspect requires, in manufacturing, additional knowledge that can be obtained
through studies oriented towards the safety of passengers and the development of various
safety systems. The simplest are passive safety systems, which play a very important
role in reducing the damage or injuries caused to the occupants of the vehicle but also to
pedestrians if an accident occurs. Passive safety systems consist of airbags (of all kinds),
anti-lock braking systems (ABS), traction control, electronic stability control (ESC), seat belts
and crash protection systems. The first safety element, simple and relatively cheap, that
experienced spectacular development in the industry was the safety belt. The emergence of
safety belts determined the outcomes of numerous studies and research in order to improve
the constructive variants and the performance of these passive safety elements [1-3].

The role of the safety belt has proven to be of crucial importance, especially in the
case of overweight people. Evaluations were made from a biomechanical point of view to
determine the role played by the safety belt [4]. The experimental checks were made using
an 80 kg dummy. It has been found that a force greater than 1000 N produces a bending or
folding of the belt, so the impact of its role decreases.

The literature that deals with improving the performance of seat belts is rich. For
example, in [5], improvement of the mechanical properties of the material used through
a process of topological optimization of the fabric was studied. A significant improvement
in the performance of the belt was, thus, achieved. In works [6-8], the operation of seat
belts in different possible situations is studied, experimental verifications are presented
in [9-11], and various other aspects related to the operation of seat belts in service are
presented in [12,13].
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For the study of safety in operation of the belt, special attention is required from the
design phase. In [14], a CAE method is used for the analysis, even during the first phases,
of the conception and design. HyperWorks software (which uses finite element methods)
is used as a tool, and the effect of using the belt on the upper limbs and buttocks of
the mannequins is studied. Thus, the development costs are reduced and the design
development cycle is shortened. As part of the work, a stand for belt testing was designed
and built. An excellent analysis of the efficiency as well as the limitations imposed on
these safety systems was made in [15]. Post-accident inspections of these systems were
used as the research method. Following the analysis of a large number of events, solutions
were proposed for design improvements. An extensive study on the role of the seat belt in
Formula Student racing cars was carried out in [16].

The element studied in the current work is the Impact Attenuator (IA). It is analyzed
how such an element ensures the safety of the driver in a racing car. The IA can be mounted
separately or can be incorporated into the bumper. In the form of a front bumper, it is an in-
dispensable element in modern automobiles and provides shock absorption/mitigation.

In [17], the behavior of a roll cage equipped onto a SUPRA racing car is investigated.
Based on the research conducted, an improved design solution is proposed to ensure
safety in the event of an impact—front, back and side. ANSYS 18.1 software was used.
Of course, the materials used for manufacturing IAs are of great importance regarding
their behavior in case of shocks. For example, in [18], a CFRP composite was studied,
aiming to use it in automotive engineering. This composite was used in the construction of
a monocoque chassis. The car on which this chassis was used competed in the Formula
Student competition. The goal was to meet the safety requirements set by Formula SAE. The
analytical study was carried out with the finite element method and an optimization was
made of the shape and dimensions of the chassis. Experimental verifications in impact tests
for a car used in Formula Student can be found in [19]. The objective of an IA is to ensure
a high rate of energy absorption during impact. There are also medical aspects in the case of
using IAs as shock absorbers, as described in [20,21]. In the papers [22,23], various modern
aspects of IA computation are discussed, and relevant designs are presented in [24,25].

Energy considerations are widely used in shock problems. In addition, regarding
problems with rapid variations in acceleration, the notion of energy of accelerations is
of interest in the study of biological phenomena. Calculation methods of this energy are
presented in [26-30].

The traffic safety of the driver and passengers remains an objective of particular
interest for researchers and the automotive industry. As a result, the literature presents the
results of recent research in the field, i.e., [31-36].

The purpose of this work is to determine the role of an IA and the forces to which
a car driver is subjected after a frontal collision. Two special geometric variants for an IA
made of three different materials and having different thicknesses were studied. A total
of 24 variants of an IA are, thus, studied to see their effect on the dummy. For this, the
finite element method (FEM) was used for modeling the entire system, including the car
equipped with the IA, the car driver and the safety belt with four-point fastening. The study
was conducted on a racing car used by Transilvania University in the Formula Student
competitions. The effect of the airbags was not considered, considering the first part
of the impact, when the demands are the highest. It was sought to determine if the
system can ensure satisfactory safety in a race, in case of an impact. The behavior of
the entire system is influenced by a multitude of factors whose influence is insufficiently
studied. A mathematical model using the Gibbs—Appell method is used, allowing the
rapid determination of the forces loading the system, which are then used in the FEM
model [37-48]. The obtained results were used to design and calculate the performance
of a racing car used in Formula Student competitions. The problems surrounding the
biological effects of the accelerations experienced by the driver or passenger were not
addressed in the paper. At the present moment, soft actuators have undergone special
development; they were originally inspired by soft-bodied animals and human muscles.
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They have the property of being agile, reconfigurable and multifunctional and their use is
found in numerous applications such as artificial muscles, wearable devices, haptic devices
and innovative medical devices. Until now, however, synthetic models could not rise,
in terms of performance, to the level of complex biological systems. The challenges and
opportunities offered by soft actuators are widely presented in specialized works in the
literature [49,50].

In the paper, two types of IA with constructive similarity and symmetries are de-
veloped and studied, considering three different materials and four different thicknesses
of the material. A frontal collision of the car-dummy assembly with a vertical wall is
considered, in accordance with the standards. Using simulation software, accelerations
were determined at various points on the mannequin’s body.

2. Materials and Methods

An IA has the role of absorbing the energy in the event of an accident and transmitting
the impact forces to the body structure. If the car has low speed, then the role of the IA
is to minimize these damages, and at high speed, it must transmit the forces generated
by the impact to the body structure without destroying it and, thus, prevent the death of
the driver.

People are generally very sensitive to various shock requests from the external envi-
ronment. The human body is vulnerable to shocks, mechanical shocks and acceleration.
If an accident occurs, particularly involving dramatic shocks, accelerations occur that can
negatively affect the health of the driver or passengers and can, in some cases, even lead to
death. Of course, the automotive industry, in its development over the last hundred years,
has perfected systems to protect the people in the vehicle. As a result, anthropomorphic test
devices, called “dummies”, were designed and made. With their help, a series of practical
situations were modeled and very effective safety systems were created. The development
of the calculation technique and the software used has allowed the creation of virtual
mannequins, from which a multitude of useful results and conclusions can be obtained.

Dummies can be very precise from the point of view of kinematics and can give values
very close to real-world values of kinematic quantities, especially accelerations. There are
“front impact dummies”, “side impact dummies” and “aerospace dummies”. For different
situations and studies, customized mannequins are created for men, women and children.

Specialized works in the literature present a series of such dummies and their behavior
in experiments in the case of some shocks. For the racing cars considered in this article,
relevant results are presented in [51,52]. A standard average-sized adult mannequin,
having the average height and weight of the US adult male population, is used in the
studies. Despite the fact that this presents a major disadvantage in that a real human body
is not used to test systems and conduct experiments to study the influence of various
factors, the subject would obviously be seriously injured or even die in such an experiment.
One solution would be to use corpses, but the results obtained were not satisfactory.

For the analysis of the passenger’s behavior in the case of a frontal collision, a dummy
discretized with the FEM was used (Figure 1). In addition to the dummy, the entire racing
car, equipped with an IA placed in the front of the car, is considered (Figure 2). The dummy
is fixed to the car seat with a three-point safety belt. The purpose of the IA is to reduce the
impact energy that is transmitted to the dummy after a frontal impact with a rigid wall as
much as possible. In the case of the present study, one of the FE Hybrid III 50th Male-type
dummies was chosen from the many types of dummies that can be used. This represents
the average adult male (and is the most used model by researchers in works related to
frontal impact tests [53]). Normally, the three-point seat belt is not used in car racing. For
car races, a four-point seat belt is the accepted solution. The purpose of the presentation is
to highlight the disadvantages of using this belt in practice.
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Figure 2. The racing car equipped with a three-point seat belt and a square IA.

A FE model using Altair Hyperworks [54-56] is used to study the system. Based
on this model, different parameters are used to observe the behavior of the dummy in
different situations that may arise. The analysis conducted is an explicit analysis using
RADIOSS from the Altair Hyperworks package. The type of elements used for this analysis
is CQUADY4, a shell element with four corner nodes with six DOF. These element types
have been used for most components of the model, excluding the upper and lower arm of
the suspension, which was simulated as a CBAR element, a 1D element with two end nodes
with six DOF. Materials used in comparative analysis are shown in the paper. In the FE
model, simulation material for IA was considered non-linear and the card image of material
used in the solver is M36_PLAS_TAB. Furthermore, a non-linear material with a similar
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card image was used for the chassis. The following types of material were considered for
other components of the model:

- For the dummy—M1_ELAST;

- For arms suspension—nonlinear steel using M2-John-Zeril Card Image Material.
Ultimate stress considered is 450 MPa;

- For tires—nonlinear rubber considering M2-John-Zeril as the card image. Properties of
the material for linear zones are as follows: Young’s modulus of 200 MPa, Poisson ratio
of 0.49. A unitary hardening exponent was considered to define the plasticity zone.

The interactions between elements were made through self-contact elements node-to-
surface with an image card—TYPE?7.

Based on this complex model, which analyzes the deformability of the structure, the
forces that appear in the safety belt and the accelerations of different points of the dummy
at the same time, the results presented in the following section are obtained—results that
give us indications of the demands that appear in such a system.

3. Results

The three-point safety belt is the unanimously accepted solution in the automotive
industry. The solution has shown its validity and advantages throughout the history of this
industry. However, in the case of automobile racing, the safety belt used utilizes four-point
fastening. This is because in the case of very large shocks, the upper part of the accent
does not fulfill its role, and the dummy comes out from under the belt. To be able to
make a comparison between the behaviors of the mannequin equipped with the two types
of safety belt, a calculation of the system equipped with the belt fixed at three points is
first conducted. The IA used is a square-shaped shock absorber. The kinematics of the
frontal impact with a rigid wall of the dummy model are presented in Figures 3-6.

Thickness plate attenuator2 mm Thickness plate attenuator3.5 mm

Contour Plot
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Figure 3. Deformation of IA after 25 ms.
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Figure 4. Deformation of IA after 50 ms.
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Figure 5. Deformation of IA after 75 ms.
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Figure 6. Deformation of IA after 100 ms.
Belt force versus time is presented for two version in Figures 7 and 8.
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Figure 7. Belt force using an IA having 2 mm thickness.



Symmetry 2023, 15, 159

7 of 22

ann
25000

ML
e

15000

o Rt

ML

Farce [M]

10000

i
5000

Belt force

Attenuator 3.5 mm

non non P P non non non Ao n
) 3 g B Fi B 0 1
(LREFS (LR (LR Y, (LR (LAY (TREY, (TR LR E .

Time [5]

Thorax —Pelvis
Figure 8. Belt force using an IA having 3.5 mm thickness.

The problem that occurs when fixing the mannequin with a three-point fastening belt
was reported by [4,13,15] and represents the folding of the safety belt. This phenomenon
can also be observed in our case, which is why the study only considers belts that are
fixed at four points in the discussion that follows, a model that is mainly used in cars used
in competitions.

In order to comply with the ruleset for the Formula Student competition, the speed the
car must have at the moment of impact is 7 m/s (25.2 km/h). The belt is considered to be
made of the material M19_fabri, having a Young’s moduli Eq; = Ey; = 2500 MPa, a Poisson
ratio v = 0.2, a bending modulus G = 1040 MPa and a density of p = 1000 kg/m?. The
representation of the belt force at ifferent moments of time are presented in Figure 9 and
a comparison considering the two IA with two different thickness is presente in Figure 10.

Following the criteria established for the Formula Student competition, we obtain the
following results:

Acceptance criteria according to Formula Student Rules T3.19.1/2022 Version: 0.9:
Deceleration of vehicle: average deceleration: 20 g, and peak deceleration: 40 g. For the
shock absorber with a thickness of 3.5 mm, the rules are not respected.

The accelerations are supported by several significant points of the dummy and are
presented in Figures 11-14.

The deformation of the IA at different moments in time are presented in Figures 15-18.

In the work, 24 constructive variants are presented. Two types of IA are studied,
one of rectangular shape and the other of cylindrical shape. Three materials used with the
properties shown in Table 1 are studied. For these variants, the calculation is made for
four different wall thicknesses.
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1T=15 ms 1T=20 ms 1=25 ms 17=30
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Figure 9. Belt stress using an IA having 3.5 mm thickness (in MPa).

Maximum VMS evolution in belt strap
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Figure 10. Maximum evolution of VMS (von Mises stress) for crash time; crash analysis in the range
[0-0.1] s.
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Figure 11. The decelerations of the car considering two different thickness of the square-shaped IA.
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Figure 12. The decelerations of the pelvis.
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Figure 13. The decelerations of the thorax.
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Figure 14. The decelerations of the head.
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Figure 15. The deformation of the IA at t = 0.05 s: Scenarios 1 and 2.

The studied scenarios are presented in Tables 2 and 3.

In the following, the dummy used for the study (Figures 19 and 20) is presented,
fastened with a four-point safety belt and for which the fulfillment of the conditions
required by the regulations of the Formula Student competition were studied.
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Figure 16. The deformation of the IA at t = 0.05 s: Scenarios 3 and 4.

Contour Plot

Displacement(X)

Analysis system

= -197.59

[ -175.65
-153.71

— -131.77
-109.84
-87.90
-65.96
-44.02
-22.08

— -0.15

Local Max =-0.15
Local Min =-197.59

Scenario 5 Scenario 6

Figure 17. The deformation of the IA at t = 0.05 s: Scenarios 5 and 6.
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Contour Plot
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Figure 18. The deformation of the IA at t = 0.05 s: Scenarios 7 and 8.

Table 1. The mechanical properties of the material used for IA.

Young’s . . . . Nominal Elongation
Materials Modulus P01so[r-1 ]Ratlo [t(l)zlzr/‘rs;z?’] Yle[lltlﬂs);ess Ultimate Stress at Nom UTS
[MPa] [MPa] [mm/mm]
A17050 T7351 71,018.5 0.33 2.70 x 107° 330 470 0.1
S235]R (OL37) 178,090 0.3 7.86 x 1077 315 435 0.15
S355]R (OL52) 200,000 0.3 7.86 x 1077 500 610 0.15
Table 2. The first 12 scenarios for rectangular IA.
Geometry Solution ID RUN Material Plate Thickness
[mm]
RUN 1 2
RUN 2 2.5
A17050 T7351
RUN 3 3
RUN 4 3.5
RUN 5 2
R 2.
Rectangular IA UN6 S235]R (OL37) >
RUN 7 3
RUN 8 3.5
RUN9 2
RUN 10 25
S355]R (OL52)
RUN 11 3

RUN 12 3.5
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Table 3. The next 12 scenarios for cylindrical IA.

Geometry Solution ID RUN Material Plate Thickness
[mm]

RUN 13 2
RUN 14 A17050 T7351 25
RUN 15 3
RUN 16 35
RUN 17 2

Cylindrical IA RUN 18 $235]R (OL37) 25
RUN 19 3
RUN 20 35
RUN 21 2
ROUN22 S355]R (OL52) 25
RUN 23 3
RUN 24 35

Figure 20. The model of the dummy and of the car.
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The Peak and Average deceleration for the car in 24 scenarios are presented in Figure 21

and the Internal Energy in Tables 4 and 5.

.t
ae®
. .
L .
s
ot

Accelerometer to obtain
deceleration of vehicle

Figure 21. The Peak and Average deceleration for the car in 24 scenarios.

Soenario Deceleration [g]
Peak |Average
1 35.30 | 13.02
2 35.21 | 13.39
3 36.28 | 14.89
4 39.84 | 14.70
5 37.52 | 13.22
6 37.66 | 15.15
7 36.76 | 14.20
8 38.93 | 14.86
9 35.26 | 14.19
10 38.55 | 14.82
11 44.34 | 16.23
12 50.60 | 17.57
13 46.67 | 13.30
14 43.81 | 14.49
15 31.60 | 11.05
16 34.08 | 12.00
17 45.61 | 13.73
18 40.86 | 14.28
19 32.98 | 11.90
20 35.21 | 13.35
21 42.84 | 14.18
22 31.28 | 13.53
23 34.25 | 12.93
24 37.35 | 13.04

Table 4. The Internal Energy for the first 12 scenarios (for the rectangular IA). The colored numbers

represent the case when the limit value is exceeded.

Peak g—Deceleration

Average g—Deceleration

Internal Energy

Scenario Material Thickness Plate [mm] Pelvi ] (IE)—]
elvis Thorax Head Pelvis Thorax Head
1 2 40.43 3493 4214 15.9 15.5 18.62 5906.13
2 2.5 29.26 314 40.88 12.8 14.08 17.07 5866.71
3 AL7050 3 49.37 42.06 34.44 12.37 11.94 17.65 5797.2
4 35 62.14 47.42 60.33 21.17 20.09 28.77 5739.36
5 2 4454 36.53  45.62 16.7 16.03 18.7 5938.3
6 OL37 25 32.85 39.17 4437 14.32 15.23 19.35 5914.62
7 3 39.34 36.65 28.36 10.76 10.94 15.53 5884.71
8 35 61.98  48.26 64.35  20.58 20 28.78 5780.13
9 2 35.58 35.28 23.76 10.97 11.38 14.97 5967.07
10 OL 52 2.5 63.43 54 68.77 21.27 20.94 30.22 5738.44
11 3 60.24 48.36 57.63 20.3 19.15 28.34 5863.81
12 35 67.34 64.55 64.68  22.01 22.49 34.37 5805.65
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Table 5. The Internal Energy for the next 12 scenarios (for the cylindrical IA).

Peak g—Deceleration Average g—Deceleration Internal Energy

Scenario Material Thickness Plate [mm]

Pelvis Thorax Head Pelvis Thorax Head (IE)—]
1 2 54.77 56.51 60.05 16.68 16.99 21.15 5675.02
2 A17050 2.5 37.23 43.92 51.38 14.91 15.65 19.72 5739.07
3 3 25.84 29.11 31.47 10.71 11.30 15.00 5875.61
4 3.5 30.07 28.68 35.57 11.76 12.30 15.69 5934.86
5 2 54.97 51.69 57.15 16.65 16.62 20.56 5728.54
6 OL37 2.5 34.28 42.34 4791 13.95 15.11 19.41 5742.9
7 3 25.05 27.72 32.78 11.10 11.87 15.56 5950.85
8 3.5 30.21 30.90 35.64 12.14 13.27 16.17 5968.51
9 2 45.31 45.03 49.01 15.66 15.79 19.78 5811.28
10 OL 52 2.5 30.45 34.78 38.52 12.58 13.27 16.57 5831.96
11 3 31.98 27.36 33.26 12.08 12.98 16.25 5986.03
12 35 33.38 31.78 29.45 11.25 12.45 15.21 5986.52

The situations in which the internal energy is higher than that accepted by the stan-
dards are presented in the tables in red (Figures 22-33).

The internal lost energy is less than 7350 J in our results. However, we must consider
that the dummy and structure have 270 Kg together, so this limit energy can be decreased
by 10%. Even in this version, the minimum wasted energy does not have the desired value,
so a redesign of the IA with a resizing is required. Because the difference in additional
energy that must be obtained is small, it is assumed that a minor resizing of the absorber
will be sufficient to achieve the condition. In the paper, several types of shock absorption
systems were studied for different IA wall thicknesses and for different materials. It is
found that a better steel in terms of strength leads to a worse behavior in terms of shock
absorption and the use of thicker-walled IAs can also lead to a worse behavior in terms of
shock absorption.

Scenariol-4
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6000 —
5000
4000
3000
2000
1000

Internal energy [j

0 0.02 0.04 0.06 0.08 0.1

Time [s]

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Limit

Figure 22. Internal Energy for the rectangular IA with Al7050 material for different scenarios.
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Scenario5-8
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Figure 23. Internal Energy for the rectangular IA with OL37 material for different scenarios.
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Figure 24. Internal Energy for the rectangular IA with OL50 material for different scenarios.
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Figure 25. Internal Energy for the cylindrical IA with AI7050 for different scenarios.
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Figure 26. Internal Energy for the cylindrical IA with OL37 material for different scenarios.
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Figure 27. Internal Energy for the cylindrical IA with OI50 material for different scenarios.
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Figure 28. Deceleration for the rectangular IA with Al5070 material for different scenarios.



Symmetry 2023, 15, 159

18 of 22

45.00
40.00

]

w
u
o
o

30.00
25.00
20.00
15.00
10.00

5.00

0.00

Deceleration [g

Material OL37

_me

2.5 mm

3 mm

._Z::' 3.5mm
l, ]
O O AN O T 0O NS O OUNOWS S ON
N 4 OoaN NN OO OWnN HNAN O 0 O N
O d = NO M N IO W WONNOONO
e = T R e e N e I A e I = B A
o O O o o O O o o O O o o o

Figure 29. Deceleration for the rectangular IA with Ol37 material for different scenarios.
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Figure 30. Deceleration for the rectangular IA with OL50 material for different scenarios.
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Figure 31. Deceleration for the cylindrical IA with Al15070 material for different scenarios.
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Figure 32. Deceleration for the cylindrical IA with OL37 material for different scenarios.
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Figure 33. Deceleration for the cylindrical IA with OL50 material for different scenarios.

Based on the study, an optimal variant of the absorber can be chosen that complies
with the conditions imposed by the standards. During the study, it was found that a number
of constructive types do not meet the conditions imposed on the project.

4. Conclusions

The aim of the work was to determine the behavior of a passenger wearing a seat
belt in a vehicle equipped with an IA in the front, as well as the loads that appear in such
a scenario. In the paper, the effect that IAs can have, in different variants, on the damages
that can occur in the case of a frontal collision was determined. The forces occurring
in the seat belt and in the IA were also calculated. The calculation method was FEM,
a method that has proven its effectiveness and consistency in many practical applications.
The Gibbs—-Appell method was used to determine the forces that the system experienced
during the shock. Several variants of IAs with different wall thicknesses were studied. In
the case analyzed in the paper (a mannequin sitting in a Formula Student racing car), the
criteria stipulated by the Formula Student regulations are respected for most of the cases
studied. Two different structural models of IA, made of three different materials and with
four different wall thicknesses, were analyzed. The results obtained indicate the variants
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that correspond to the standards that apply to these racing cars. The biological effects,
important in such cases, were not studied, as they do not represent the subject of analysis
of the paper, but the values obtained in the study can be used by researchers in respective
fields. Thus, a satisfactory design was proposed for this IA to provide optimal behavior
of a racing car in the case of a frontal impact with a wall. In this way, a certification of
the fact that the IA works properly for the type of car studied is made. The IA has been
studied to determine what effects its existence has on the occupant of a car. An optimal
shape for better shock absorption in the event of a collision is proposed. In racing cars, the
IA is a separate element, which must be equipped to such a car and which must ensure the
safety of the occupants in the event of an accident.

Based on the results obtained, we can make the observation that a better material
for IAs from the point of view of material resistance can lead to a worse behavior from
the point of view of shock behavior of the absorber. It is, therefore, necessary to reach
an optimal compromise between the choice of several types of materials, so that the system
meets all requirements.

The research presented in the work and the results obtained offer a wide horizon for
research. The number of parameters involved in such a study is very large and the results
obtained are, at the moment, insufficient but extremely necessary for designers.
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