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Abstract

Passenger safety remains a primary goal in vehicle engineering, requiring the development
of advanced passive safety systems to reduce injuries during collisions. Impact attenuators
(particularly for race cars) are a crucial component for the safety of the driver. The impact
of the impact attenuator (IA) is demonstrated by the behavior of a seat-belted dummy
in a frontal collision with a rigid wall. The aim of this paper is to confirm the qualities
of water as a damping agent in the manufacturing of the IA. To reach a conclusion, a
theoretical model is used and experimental tests are performed. Once the loads operating
on the dummy have been identified, it is confirmed that they fall within the range that the
existing requirements recommend. The car is viewed as a structure with a seat-belt-fastened
dummy and an impact attenuator. Research is being conducted on a new water-based
impact attenuator technology. A frontal collision of the car–dummy assembly was taken
into consideration when analyzing the dummy’s behavior in accordance with the criteria.
A simulation program was used to calculate the accelerations at various points on the
mannequin’s body as well as the force that manifested on the seat belts. So, the good
qualities of IAs using water are revealed and support designers in their efforts to obtain
better shock behavior. In the simulation, the variation of internal energy accumulated by
the vehicle, displacements and velocities of various points on the chassis, as well as the
accelerations of the vehicle and the occupant were determined. In the experiment, the
vehicle velocities for both test cases were established and used in the simulation, and the
accelerations of the vehicle and dummy were measured. The assessment was carried out by
comparing experimental and simulation data, focusing on acceleration values recorded on
both the dummy and the vehicle. Evaluation criteria such as HIC and ThAC were applied
to determine the severity of the impact and the effectiveness of the proposed water-based
attenuator.

Keywords: shocks; impact attenuator (IA); safety belt; frontal collision; dummy

1. Introduction
One of the main goals of vehicle engineering is passenger safety. Furthermore, con-

sidering the advancements made in the automotive sector, the significance of this element
necessitates the use of extra knowledge in production, which may be acquired through
research focused on passenger safety and the creation of different safety systems. The most
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basic are undoubtedly the passive safety systems, which are crucial in minimizing harm or
injury to both pedestrians and car occupants in the event of an accident.

Airbags of all types, electronic stability control (ESC), traction control, anti-lock brak-
ing systems (ABSs), seat belts, and collision protection systems are examples of passive
safety systems. The safety belt was the first straightforward and reasonably priced safety
component that saw a remarkable advancement in the sector. The performance of many
studies and research projects aimed at enhancing the positive variations and functionality
of these passive safety components was obviously influenced by the introduction of safety
belts [1–3].

The belt’s function has been shown to be extremely significant, particularly for in-
dividuals who are overweight. To ascertain the function of the safety belt, assessments
were conducted from a biomechanical perspective [4]. An 80 kg dummy was used in the
experimental assessments. It has been discovered that a force over 1000 N causes the belt
to bend or fold, reducing its function.

The impact attenuator (IA) is the element that will be examined in this paper. The
IA can be integrated into the bumper or placed independently. It serves as shock absorp-
tion and mitigation and is a crucial component of contemporary cars in the form of a
front bumper.

A comparable goal is sought in [5]. Due to the high cost of attenuator materials,
the paper investigated substitute materials such as old food and drink cans. A nonlinear
finite element approach was employed in the study to calculate the number of impacts
on the attenuator structures. The primary factors that were taken into consideration
were the impact velocity and the thickness of the recipients. According to the analysis’s
findings, the average attenuator energy for a 1 mm thick can was 16,000 J, which was
more than the recommended amount of 7350 J (in accordance with the Society of Students
Automotive Engineers’ FSAE regulations) with an acceleration of no more than 20 g on
average and 40 g maximum. Static compression was used in [6] to manufacture and
test an impact attenuator. Plastic slices and firm polyurethane foam were used to fill
the interior wall of the prototype, which was constructed from a prismatic aluminum
alloy. A standard classic used polyurethane impact attenuator absorbs up to 6380 Joules
of energy. The absorbed energy for the impact attenuator under study in the paper is
8800 Joules. The suggested method fulfills the requirement that the absorbed energy in
this instance be greater than 7350 Joules for the Formula Student competition. Through
numerical methods, an attempt is made in [7] to determine a design that has the best kinetic
energy absorption capacity among the different models that are currently in use. The
impact attenuator material consists of zirconium G350 and aluminum. In order to ascertain
the deformation that takes place and the absorbed energies, the simulation was run via
collision with a rigid wall. Interesting and low-cost solutions for EA are offered in [8–12].
Experimental verifications in tests conducted according to standards have validated the
solutions proposed by the researchers of [13–16]. The behavior of a roll cage fitted to
a SUPRA racing car is examined in [17]. An enhanced design solution is suggested in
light of the research conducted to guarantee safety in the case of a front, rear, or side
impact. The software used was ANSYS 18.1. Naturally, the materials used to make IAs
have a significant impact on how they behave in the event of a shock. For instance, a CFRP
composite was investigated in [18] with the goal of applying it to automotive engineering. A
monocoque chassis was constructed using this material. This chassis was used on a car that
participated in the Formula Student championship. The objective was to fulfill the safety
standards established by Formula SAE. The Finite Element Method was used for analytical
analysis, and the chassis’s dimensions and shape were optimized. Additional experimental
confirmations in impact tests for a Formula Student vehicle are available in [19]. Ensuring
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a high rate of energy absorption during impact is the aim of an IA. The use of IAs as shock
absorbers has medical considerations as well, as discussed in [20,21]. Several new aspects
of IA computing and design are discussed in [22–25]. Various numerical methods have
been developed for modeling automobile, driver, and IA systems [26–29]. IA design and
optimization methods are presented in [30–34]. In shock situations, energy considerations
are frequently applied. The concept of acceleration energy is relevant to the study of
biological phenomena in addition to issues with abrupt changes in acceleration. Methods
for calculating this energy are provided in [35,36]. Researchers and the automotive industry
continue to be particularly interested in the goal of driver and passenger traffic safety.
The results of recent studies in the topic are thus presented in the literature, e.g., [37–39].
Research has been conducted on the improvement of cellular solids’ energy absorption
capacity in automotive applications as a safety precaution to safeguard passengers and the
vehicle’s structure [40–42]. Two kinds of experimental testing were conducted in order to
understand the honeycomb structure’s energy absorption mechanism. A straightforward
compression test of the honeycomb structure alone is part of the first test. A fiberglass and
honeycomb composite sandwich is put through a high-speed drop test as part of the second
experimental test. The FEM model was used to calibrate the experimental data results. It
was found that the outcomes of the experimental and FEM approaches were remarkably
similar. Various issues related to the design of IAs are presented in [43–45].

Numerous factors that have an impact on the system’s overall behavior are not well
understood. The forces loading the system can be quickly determined using a mathematical
model that employs the Gibbs–Appell method. These forces are then employed in the FEM
model [46–50]. A racing automobile used in Formula Student contests was designed, and
its performance was calculated using the results obtained. The research did not address
the issues of the biological repercussions of the accelerations that the driver or passenger
experienced. Human muscles and soft-bodied animals served as the initial inspiration
for the unique development of soft actuators. Because of their agility, adaptability, and
versatility, they are used in a wide range of applications, including wearable technology,
haptic devices, artificial muscles, and cutting-edge medical devices. However, synthetic
models have not yet been able to perform on par with complicated biological systems. In
the specialized literature, the opportunities and problems afforded by this soft actuator are
extensively discussed [51,52].

The goal of this work is to ascertain the role of an IA and the pressures that a car driver
faces during a frontal accident. Two distinct geometric variants were made for IAs using
three different materials of different thicknesses. Thus, the effects of 24 IA changes on the
dummy are investigated. The Finite Element Method (FEM) was used to model the entire
system, including the driver, the automobile with the IA, and the four-point safety belt.
The impact of the airbags was not considered because the study focuses on the early part
of the accident, when demands are at their highest. Our aim was to find out if the gadget
could provide sufficient safety in the case of an impact during a race.

2. Materials and Methods
In the event of an accident, an IA’s job is to absorb energy and transfer impact forces to

the body structure. The IA’s job is to reduce these damages if the car is moving slowly, and
to transfer the impact’s pressures to the body structure at high speeds without damaging it,
hence saving the driver’s life.

In general, people are quite sensitive to different shock requirements from their sur-
roundings. They are susceptible to acceleration, mechanical shocks, and shocks. Particularly
strong shocks and accelerations that happen during an accident can have a detrimental
effect on the driver’s or passengers’ health and, in certain situations, even result in death.
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Naturally, as the automotive industry has evolved over the past century, it has refined mech-
anisms to safeguard the occupants of the car. As a result, “dummy” or anthropomorphic
test devices were created. They assisted in the creation of highly efficient safety measures
and the modeling of numerous real-world scenarios. The advancement of software and
calculating methods has made it possible to create virtual mannequins, from which many
insightful findings and conclusions can be drawn.

From a kinematics perspective, dummies can be quite accurate and provide values
for kinematic quantities—particularly accelerations—that are extremely close to reality.
There are three types of dummies: “front impact dummies”, “side impact dummies”, and
“aerospace dummies”. Customized mannequins for men, women, and children have been
made for various scenarios and research.

A number of these dummies and their experimental behavior in the event of specific
shocks are presented in the specialist literature. The investigations use a typical average-
sized adult mannequin that is the average height and weight of an adult male in the
United States. Therefore, it is possible to eliminate a significant drawback, which is the
lack of a real human body to test systems and carry out studies to examine the effects of
different circumstances. In such an experiment, the individual would undoubtedly suffer
severe injuries or potentially die. Using corpses would be one approach, but the outcomes
were unsatisfactory.

The car model adopted for this impact study taking into account the frontal damp-
ing system consisting of the set of water-based energy accumulators is presented below
(Figures 1 and 2).

 
Figure 1. The model of the car with a water impact absorber.

 

Figure 2. Car equipped with an impact absorber and FEM model.

The system consists of a plastic frame (Figure 3) with dimensions of 1231 mm wide,
241 mm deep, and 160 mm high, and 45 plastic water containers (energy accumulators).
The plugs (lids) have been drilled. FEM model is presented in Figures 4 and 5.
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Figure 3. Solution for the impact absorber (detail).

 

Figure 4. Collision of the car with the vertical wall.

Figure 5. Points analyzed in the study.

The system is examined using an FEM model created with Altair Hyperworks [46–48].
Using this model, several settings are used to observe how the dummy behaves in various
scenarios that might arise. The RADIOSS solver from the Altair Hyperworks package
was used to create the explicit analysis type. CQUAD4, a shell element with four corner
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nodes and six degrees of freedom, is the element type employed in this investigation. With
the exception of the upper and lower arms of suspension that were simulated as CBAR
elements, which have 1D elements with two end nodes and six degrees of freedom, these
element types have been used for the majority of the model’s components. The document
displays the materials used in the comparative analysis. Other results obtained in [52–54]
were useful in the modeling of the entire structure.

The card image of the material used in the solver is M36_PLAS_TAB, and the FE
simulation material for the IA was regarded as nonlinear in the model.

Additionally, the chassis was made of a nonlinear material that resembled a card image.
The following categories of materials were taken into consideration for the remaining
model components:

• For the dummy, M1_ELASTwas used.
• Nonlinear steel was used for arms suspension using M2-John-Zeril Card Image Material.

John-Zeril: Nonlinear rubber for tires is regarded as the M2 card image. The material’s
characteristics for the linear zone are 200 MPa for Young’s modulus and 0.49 for Poisson’s
ratio. The plasticity zone was defined using a unitary hardening exponent.

Using an image card TYPE7, self-contact elements were used to make node-to-surface
contact between the components.

The results shown in the following section are derived from this intricate model, which
simultaneously analyzes the structure’s deformability (Figure 6), the forces that manifest
in the safety belt, and the accelerations of various dummy points. These results provide
us with insights into the demands that arise in such a system. Information for the test
conditions are taken from [55–57].

 

Figure 6. The car after collision and IA (detail).

The velocity before the collision, in the case of the vehicle with damping, was
11.74440 m/s ∼= 42.28 km/h. The variation of the internal energy, displacements and veloc-
ities of different points on the chassis are presented in Figures 7–9.
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Figure 7. The variation in the internal energy accumulated by the car.

 

Figure 8. Displacements of different points of the car.

 

Figure 9. Velocity of different points of the chassis.
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3. Experimental Validation
Objectives and Experimental Testing

The main objective of the experimental testing is to improve and validate the technical
solution that effectively manages the risk and severity of occupant injuries. For this purpose,
a simulation of the impact between a vehicle and a rigid barrier is performed, in order to
reproduce real collision conditions. Following the measurements, the kinematic parameters
(displacement, speed, and acceleration) are acquired, and the severity of occupant injuries
and the probability of injury occurrence are established. Based on all the data collected, the
technical solution is validated through comparative analysis with the mathematical model
and simulation in a virtual environment.

To carry out the tests, a test range is required, which exists at the Institute of Research
and Development of Transilvania University in Bras, ov. A data acquisition system (PicDAQ)
is used. A Hi Spec 5 high-speed camera is used to record video samples during the
experimental tests. It is capable of filming at more than 1400 frames per second. The
device provides high-resolution images of 1696 × 1710. A DJI Phantom 3 Standard drone
(https://www.dji.com/global/support/product/phantom-3-standard, accessed on 9 July
2025) is used to capture panoramic images. It has a weight of 1216 g, a maximum take-off
speed of 5 m/s, and a landing speed of 3 m/s. The drone has an operating temperature
between 0 and 40 ◦C. Two DD1 Prototype anthropomorphic test devices are used in the
experimental tests. The dummy has a total weight of 84.12 kg, the distribution being as
follows: head 4.7 kg, neck 1.4 kg, upper torso 20 kg, and lower torso 12.6 kg, with the rest of
the weight being distributed in the lower limbs. The damping system consists of a plastic
frame (Figures 10 and 11) with dimensions of 1230 mm wide, 230 mm deep, and 160 mm
high, and 45 plastic water bottles.

 

Figure 10. Plastic frame of the damping system.

 

Figure 11. Damping system.

By mounting the water bottles, the height of the cushioning system becomes 310 mm.
The equipment is designed to reduce the displacement of the occupants and to mitigate
injuries caused to them. The developed cushioning system is visible in Figure 11.

https://www.dji.com/global/support/product/phantom-3-standard
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The first test scenario consisted of a frontal impact between a vehicle without an IA
and a rigid barrier at a speed of approximately 42 km/h. This scenario is depicted in
Figure 12.

Figure 12. Collision scenario without damping.

The second test scenario consisted of a frontal impact between a vehicle optimized
with an adaptive damping system (IA) and a rigid barrier at a speed of approximately
42 km/h. This scenario is depicted in Figure 13.

Figure 13. Collision scenario with damping.

The rigid barrier is shown in Figure 14.
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Figure 14. The rigid barrier.

The brake system was installed sequentially, by installing the pneumatic cylinder for
brake actuation on the front floor of the vehicle on the left side. The system installation was
performed similarly for both vehicles. The acceleration parameters of the occupants were
acquired with the PicDAQ 5 data acquisition platform. The dummies were positioned as in
Figure 15.

 

Figure 15. Positioning the dummies in the vehicle without damping.

The vehicle moved forward, with two dummies installed, in the driver’s seat and the
rear passenger’s seat, respectively. The dummies were equipped with three-point seat belts,
and the vehicle was equipped with an airbag. The impact angle was 0◦, and the collision
speed was approx. 42 km/h. The vehicle was launched by a towing system. The impact
was triggered at a speed of approx. 42 km/h, simulating a real accident scenario. The mass
point A that will determine the variation in the displacement with respect to time will be
applied to the circular reference at the front of the vehicle, thus determining the collision
speed of the vehicle. Similarly, the mass points B and C, corresponding to the head and
chest of the dummy positioned in the driver’s seat, will be used to analyze the variation in
their speeds during the collision. Analogously, the mass points D and E, related to the rear



Vehicles 2025, 7, 74 11 of 21

passenger, will be defined to follow the dynamics of the dummy’s movement with respect
to time, determining the specific speeds and contributing to a more detailed assessment of
the biomechanical behavior of the occupants (Figure 16).

 

Figure 16. Distribution of points where measurements were made.

The calculated speed parameter is further processed using the Origin application. The
corresponding speed values along the X axis are important; therefore, the vehicle speed
along the Y axis was neglected. The raw data were filtered using an FFT filter. The speed
parameter along the X axis was processed using the Origin 2020v4 software application,
with an FFT filter (Figure 17).

Figure 17. The graph overlaying measured speeds with filtered speeds.

The speed before the collision, in the case of the vehicle with damping, was
11.74440 m/s ∼= 42.28 km/h. The speed parameter was processed in Origin and entered
into Microsoft Excel, thus generating a graph displaying the variation in speed in relation
to time for the vehicle (Figure 18).
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Figure 18. Vehicle speed variation with an IA.

Similarly, head and chest velocities were analyzed for the driver and rear passenger,
taking into account the main direction of movement (on the X axis).

The collision phases are shown in Figures 19–21.

 
Figure 19. Pre-impact phase.

 

Figure 20. Impact phase.
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Figure 21. Post-impact phase.

Rigorous implementation of a test program ensures that vehicles are subjected to
detailed and accurate assessments, reflecting real frontal impact scenarios. Through careful
verification and calibration of equipment, meticulous preparation of vehicles, and correct
simulation of occupants, essential data for improving automotive safety are obtained.
The results of these tests significantly contribute to the development and optimization of
protective systems, having a direct impact on increasing road safety for all road users.

The described accidentology experiment provides a detailed and accurate understand-
ing of the behavior of vehicles and occupants during a collision. Rigorous preparation
procedures, including checking the straight-line trajectory and using the braking system in
the preliminary test, ensured controlled and reproducible test conditions.

Within the experimental research methodology, procedures were essential for elim-
inating uncontrolled variables and reducing the risk of errors. Creating controlled and
reproducible test conditions is the foundation on which subsequent analyses will be based.
These preliminary measures ensured that the experiment was carried out according to plan,
allowing the obtention of reliable data that will contribute to the detailed understanding of
the phenomena studied.

Acceleration data were filtered according to the SAE J211-1 [58]: CFC 60 was applied
for the vehicle, CFC 1000 for head acceleration, and CFC 180 for thorax acceleration.

Thus, this section emphasizes the need for a rigorous methodology in experimental
research, highlighting the preparatory stages as fundamental for the validity and success of
the entire experiment.

Some results of the experiment are presented in Figures 22–24.

Figure 22. Accelerations of point A in the three directions X, Y, and Z.
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Figure 23. Acceleration of the head (point C) in the three directions X, Y, and Z.

Figure 24. Acceleration of the thorax (point B) in the three directions X, Y, and Z.

A comparison between the studied cases are presented in Table 1.

Table 1. Comparison between the accelerations.

Experimental Test 1
(Car Without IA)

Experimental Test 2
(Car with IA)

FEM Model
(Car with IA)

Difference [%]:
Experiment vs.

Simulation
(Car with IA)

Car

Impact velocity [m/s] 11.67 11.74 11.66 0.68

ax [m/s2]
Min. −283.31 −259.21 −269.11 −3.82

Max. 7.36 41.51 32.34 22.1

ay [m/s2]
Min. −17.09 −69.27 −73.32 −5.85

Max. 22.32 26.26 24.18 7.92

az [m/s2]
Min. −124.65 −149.05 −156.37 −4.91

Max. 103.11 131.28 137.64 −4.84
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Table 1. Cont.

Experimental Test 1
(Car Without IA)

Experimental Test 2
(Car with IA)

FEM Model
(Car with IA)

Difference [%]:
Experiment vs.

Simulation
(Car with IA)

Head

Impact velocity [m/s] 11.28 11.45 11.35 0.87

ax [m/s2]
Min. −278.62 −267.86 −273.45 −2.09

Max. 1.92 10.91 7.04 35.47

ay [m/s2]
Min. −65.21 −47.41 −55.67 −17.42

Max. 45.48 48.69 46.85 3.78

az [m/s2]
Min. −306.32 −264.63 −272.76 −3.07

Max. 194.12 25.98 32.67 −25.75

Thorax

Impact velocity [m/s] 11.44 11.46 11.48 −0.17

ax [m/s2]
Min. −316.39 −294.696 −298.75 −1.38

Max. 37.76 31.07 34.03 −9.53

ay [m/s2]
Min. −164.92 −96.87 −99.83 −3.06

Max. 24.26 27.68 26.14 5.56

az [m/s2]
Min. −127.10 −77.15 −78.22 −1.39

Max. 21.90 27.13 33.45 −25.3

4. Discussion
The assessment of occupant safety in the event of a frontal impact is important for the

development of modern vehicles. In this context, injury criteria such as the Head Injury
Criterion (HIC) and the Thorax Acceptability Criterion (ThAC) are used to quantify the
risk of severe head and thorax injuries during a crash or in an experimental test simulating
a crash. These criteria provide information on the effectiveness of the safety systems
(e.g., airbag and three-point seat belt) and the shock absorption systems (e.g., bumper) in
protecting the vehicle occupants.

HIC 36 is a critical indicator for assessing the risk of head injuries calculated in a 36 ms
range. In Figure 25, the variations in acceleration measured at the driver’s head for the
two experimental tests (max. 40.03 g for test 1 and 38.34 g for test 2) are illustrated, which
do not exceed the limit of 80 g for a duration of 3 ms according to UNECE R94. The 36 ms
range is marked on the diagrams.

Figure 25. Head acceleration (driver).
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Figure 26 shows the evolution of HIC 36 over time for the driver. The maximum
values obtained (256.66 for test 1 and 232.78 for test 2) comply with both the UNECE R80
requirements (HIC < 500) and the upper limits imposed by UNECE R94 and FMVSS 208
(HIC ≤ 1000).

Figure 26. Evolution of HIC 36 over time for the driver.

In Figure 27, the resulting accelerations at the head of the dummy (passenger) are
shown, including maximum values of 52.72 g for test 1 and 38.45 g for test 2. These are
below the 80 g limit specified by UNECE R94. The 36 ms time domain, relevant for the HIC
calculation, is highlighted in the same graph.

Figure 27. Head acceleration (passenger).

In the case of the passenger, the HIC 36 evolution graph, shown in Figure 28, high-
lights the maximum values of the HIC criterion (493.39 for test 1 and 229.14 for test 2).
Compliance with the biomechanical limits is confirmed by the fact that the calculated
values are below 500 according to UNECE R80 and do not exceed 1000, in accordance with
UNECE R94 and FMVSS 208.

In the vehicle equipped with the damping system, the HIC 36 value was slightly
reduced for the driver (from 256.66 to 232.78) and significantly reduced for the rear passen-
ger (from 493.39 to 229.14). The reduction was more pronounced for the passenger, who
benefited from additional protection due to his more remote location in the vehicle during
the experiment. The decrease in the risk of injury for the rear passenger, in terms of the
HIC 36 values, demonstrates that the damping system is effective in protecting passengers
in the rear seats of the vehicle. In the other situation, the system reduced the acceleration
felt by the driver, and the HIC 36 value (232.78) approached that of the criterion calculated
for the passenger (229.14). It follows that the risk of head injuries in the event of a frontal
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impact is similar for the front seat occupant as for the rear passenger when the vehicle is
equipped with an additional cushioning system.

Figure 28. Evolution of HIC 36 over time for the passenger.

In the case of the driver, the values obtained in both experimental tests are correlated
with an index between 0 and 1 on the AIS scale, which is associated with no risk or low
severity of injuries. For the passenger, positioned in the back seat, in the first test the HIC
value can be correlated with an index between 1 and 2, which represents low to moderate
severity of injuries, and in the second test the attenuation of injuries due to the cushioning
system is significant; the HIC value is correlated with an index between 0 and 1 on the
AIS scale. For the driver, the probability of injury is 1.60% in the first test and 1.47% in the
second test. In the case of the passenger, the probability of injury is 3.60% for the first test
and 1.45% for the second test.

The Thorax Tolerance Criterion (ThAC), which assesses the risk of chest injury based
on the acceleration felt and its duration, provided additional data on the effectiveness of
the damping system. In this analysis, ThAC was calculated for a three-millisecond range.

Figure 29 shows the acceleration variations as a function of time at the chest level of
the dummy positioned in the driver’s seat. The ThAC maximum values (38.02 g for test 1
and 30.92 g for test 2), corresponding to the maximum acceleration at the chest level and
the critical ranges in which the resulting acceleration exceeds the 30 g limit, are marked on
the graph. The duration of the exceedance is 24 ms for test 1 and 6 ms for test 2.

Figure 29. Measured acceleration at the driver’s chest and ThAC value.

The calculated ThAC values do not meet the requirements of UNECE R80, which
limits the duration of exceeding the 30 g threshold to 3 ms. They fall within the limits
imposed by FMVSS 208, where an acceleration of up to 60 g is allowed for a maximum
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duration of 3 ms. In Figure 30, as in the case of the driver, the acceleration recorded at
the chest level of the passenger dummy is represented as a function of time. The ThAC
maximum values (45.14 g for test 1 and 33.33 g for test 2), corresponding to the maximum
thoracic acceleration, are marked, as well as the time range in which the acceleration
exceeds the 30 g threshold. In this case, the duration of exceedance is 19 ms for test 1
and 11 ms for test 2.

Figure 30. Measured acceleration at the passenger’s chest and ThAC value.

The results obtained for both tests show that accelerations greater than 30 g exceed
the maximum permissible duration of 3 ms specified in UNECE R80 but comply with the
requirements of FMVSS 208, which allows accelerations of up to 60 g for durations less
than 3 ms.

The analysis leads to the following conclusion: for the driver and passenger, the risk
of injury was reduced in the case of the vehicle equipped with the additional damping
system. For the driver, the ThAC value decreased from 38.02 g to 30.92 g, and for the
passenger, the ThAC value decreased by 11.81 g. The reduction in the ThAC value was
more obvious for the rear passenger. So, the damping system provides increased protection
for the passengers in the rear seats of the vehicle. The probability of injury for the driver
was 5.14% in the first test and 3.21% in the second, when the vehicle was equipped with
additional damping. For the passenger, the probability of injury decreased from 8.15% in
the first test to 3.77% in the second test.

5. Conclusions
The paper’s objective was to ascertain the loads that manifest and the conduct of a

seat-belt-wearing passenger in a car with an IA at the front. In the main, the impact of the
IA on potential damages in the event of a frontal collision was examined in the suggested
solution. Additionally, the forces in the IA and seat belt were computed. FEM, a calculating
technique that has demonstrated its efficacy and reliability in several real-world situations,
was used. The forces that the system needed during the shock were calculated using the
Gibbs–Appell method. The outcomes show how the car–driver–passenger system behaves
and the goal of finding a solution that complies with the rules. Although the biological
consequences, which are significant in these situations, were not examined because they
were not the focus of the paper’s analysis, researchers in the relevant field can make use
of this study’s findings. In order to give the racing car the best possible behavior in the
event of a frontal encounter with a wall, a suitable design was thus put forth for this IA. In
this way, it is certified that the IA functions correctly for the car type under study. The IA
has been researched to find out how its presence affects a car’s occupants. In this instance,
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the IA is a distinct component that needs to be installed in the vehicle to guarantee the
occupants’ protection in the event of an accident.

A broad research scope is provided by the work’s research and its findings. A study of
this kind involves a large number of parameters, and the results are now insufficient but
crucial for designers.
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