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Abstract

:

Polyester is currently the main material used for the manufacture of safety belts used in car transport for the protection of passengers and the driver. The seat belt is the main passive safety element used in vehicle engineering. In this work, the behavior of two safety belts, one with three-point fastening and the other with four-point fastening, which equip the seat of a racing car used in Formula Student for use in a frontal impact with a vertical wall. A model with finite elements is used to describe the entire car–driver shock-absorber assembly. The von Mises stresses calculated for both cases under consideration are below the tensile strength. The tensions arising in the belt and the accelerations required at various points of the driver’s body are determined by both the properties of the utilized polyester and the chosen construction variant. The obtained results justify the use of the three-point and four-point belt in the cases of both common and race cars.
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1. Introduction


Passive safety systems are an important part of a vehicle’s economy. Even from the design stage, the safety systems must be considered. These systems are composed by the resistance structure, the elastic impact attenuators that are positioned in the front of the car, the safety belts, and the airbags. In the current work, the response of the body of the driver of a racing car equipped with a seat belt made of polyester was studied in the event of a collision with a vertical wall. Two cases are studied: the case of a belt fixed at three points and the case of a belt fixed at four points.



A safety system based on the seat belt is a very efficient system and the material used can be considered an engineering marvel. The seat belt retractors and tensioners are very ingenious solutions. The material that makes up the belt itself and the central part, called webbing, has a good design to be resistant to extreme tensile strength. At present, seat belt material is woven from 100% polyester.



To make the safety belt, nylon was used in the first stages and for a while was the most used material. With the appearance of polyester, the advantages of its use compared to nylon were noticed. It stretches less and is less prone to wear. This allows its life span to be longer. In the economy related to the price of the car, these advantages weigh significantly and as a result, at the moment, the most-used material for the manufacture of belts is polyester. The polyester belt has a number of properties that make it extremely suitable for practical applications. Polyester is the most used synthetic textile material globally.



Polyester is made from petroleum products and its characteristics and properties are more than competitive if the excellent quality–price ratio, its resistance to wear, and the easy maintenance of the fibers over time are taken into account, as well as the aesthetic properties such as keeping its color for an extended period of time. Polyester is a strong textile material, very resistant to intense demands, and is easily washed at 30 or 40 degrees. The material dries very quickly, has an increased resistance to plastic deformation, and does not create wrinkles. It is also protected from pests such as moths or rodents because it is not an organic material. It is also resistant to rot, mold, bacteria, and sweat. The melting point is high (230–240 °C) and the moisture absorption is low (0.40%). As the main disadvantage, it has poor resistance to oil stains and is flammable, and its exposure to open fire or high heat can irreparably damage it. The various defects that may appear in operation are punctures, pulled wires, deviations in the fabric, pulled strap (bottle neck effect), stains, and cuts. A justification for using polyester instead of nylon is argued in [1].



Other properties of polyester is its production from relatively easily accessible raw materials, its recyclability, wide variety of intermediate or final products, outstanding mechanical and chemical properties, and low emissions from the production process. The main mechanical properties are presented in [2].



The appearance of seat belts in mass production and the problems generated by this made necessary the existence of legislation regarding this passive safety system [1]. Of course, builders have faced manufacturing and design problems since the beginning of their use and this has generated numerous research topics [3,4,5,6,7,8]. A series of legal and legislative aspects established during the period when safety belts gained popularity are presented in [9,10]. Medical aspects and consequences of this kind have also appeared and their effect on the injuries that occur in the event of an accident has been studied [11,12,13,14,15,16,17]. The obviously positive effects of wearing these belts were found and as a result, a promotion of their correct wearing was pursued, representing an important factor in ensuring safety in traffic [18,19,20]. One problem is knowing the position of the different parts of the belt at each given moment. The belt’s performance during the impact, prior to the airbag deployment, will provide important information about the load and acceleration experienced at various points on the driver’s body. An algorithm that detects the position of the safety belt based on the position of the characteristic points of the driver’s joints is described in [21]. Experimental studies on the behavior of the safety belt in the event of an accident have revealed important aspects of its use and the behavior in the event of shock caused by the accident. It is obvious that the introduction of belts also determined the development of experimental procedures aimed at testing them. The literature presents a design of the experimental platform made for seat belt testing [22]. The use of such a platform offers obvious economic benefits. At the level of determining the mechanical behavior of such a belt, methods for analyzing the stress and strain field that occur in the seat belt have been developed by many researchers [23,24].



The connection between the driver and the car is made through the seat. Obviously, this must ensure the lowest possible transmissibility on the frequency range with which the racing car is excited. Different aspects related to the chair and the use of seat belts were studied [25]. The use of appropriate models for the study of seat belts was the goal of some researchers. There is an important number of parameters that can influence the behavior of the driver’s body in the event of an accident, and for this reason, carefully developed models are necessary [26,27,28]. Other works present the contribution of seat belts for avoiding and limiting the effects of serious accidents [29,30]. Few works, however, refer to the calculation and dimensioning of this passive safety system.



The material from which the safety belt is made is polyester. Polyester is resistant and has aesthetic qualities.



The main problems generated by the introduction of safety belts in the manufacture of vehicles are presented in [31]. Marginal aspects of belt use were also studied, such as the wearing of seat belts by overweight people [32]. The estimation of the properties that the belt can have from the design phase is proposed using a CAE analysis in [33]. This allows the determination, from the design phase, of the external stress field that appears in the belt. In this way, it can be checked whether the belt can withstand a shock caused by an accident. The efficiency of wearing the belt is studied in [34]. Other aspects of interest are described in [35]. Belt malfunction and unwanted effects that may occur are studied in [36].



Experimental studies, with and without mannequins, on safety belts are presented in [37,38]. Different aspects of seat belt operation are described in [39]. Since a frontal collision between two cars is an event that has catastrophic consequences, the way in which the seat belt can protect passengers from serious injuries is of the utmost importance. When analyzing the dummy’s response in a catastrophic event, the significant aspects of accelerations and forces in the belt strap, as well as those experienced by the dummy, are of critical importance for research into this area. In this paper, all the previously presented aspects are analyzed for a system consisting of a vehicle equipped with an impact attenuator, driver, and seat belt. The vehicle is designed and made to participate in Formula Student races. It was mentioned that second-order accelerations have been shown to be biologically and medically important. The reasons why this happens are not yet sufficiently clarified. It is not very clear what the effect is on the human body, but there is a unanimous opinion that the influence is negative. The models dealing with the study of higher order accelerations were studied in [40,41].



Most works use Lagange’s equations for the analysis of such problems. The paper [42] presents the notion of energy of accelerations. Its usefulness is proven when Gibbs–Appell equations are used for the analysis. Rapid variations in acceleration are generally due to damping systems. Research into the accelerations that occur during the landing of an aircraft is carried out in [43]. In dynamics, there are many situations that lead to the study of accelerations with rapid variation. Frontal collisions and shocks are such events [44,45,46,47]. In this paper, it is proposed the study the racing vehicles used in Formula Student. The forces that appear in the polymer safety belt webbing and the accelerations that appear in different points of the driver’s body will be determined [48,49,50,51,52,53,54]. The aim of this work is to develop appropriate models for the analysis of the phenomena produced during the action of a safety belt. The authors are not aware of any studies that determine the forces that appear in the belt during an accident, so from this point of view the work comes to fill this gap.




2. Materials and Methods


In this work, the authors proposed a FEM-type model to determine the behavior of a safety belt strap. The case being studied is that of a frontal collision of a car. The research is conducted for single-seater cars equipped with an impact attenuator that will absorb part of the shock. The driver in the car is tied with a polyester safety belt and is studied in two versions: with a three-point and four-point fastening system. The research is carried out on the time interval between the moment of the collision and the activation of the airbag.



The material used is a common polyester characterized by its high elasticity, notable chemical, aging, and abrasion resistance. It possesses a Young’s modulus of 2.5 GPa, shear modulus (G) of 1.04 GPa, Poisson’s ratio (ν) of 0.2, has a very smooth surface, damping of vibrations, density of 1.28 g/cm3, and a tensile strength of 310 MPa, according to data sourced from the manufacturer.



In this time interval, the forces that appear in the belt increase strongly and then decrease. The Gibbs–Appell method is used to determine the forces that apply to the belt during the shock and use them in the finite element model [55,56,57,58,59,60,61,62,63,64,65,66]. A model with finite elements was used to determine the stresses that appear in the seat belt and the accelerations that act on the dummy. The model includes the structure of the racing car, also equipped with the impact attenuator, the driver and the seat belt. In this way, a study will be made that will allow the evaluation of all the factors with a significant influence on the forces that appear in the belt and the way in which the driver’s body is impacted during a collision with a vertical wall. The seat belt must provide protection throughout the interval in which the collision takes place, starting from the moment of the collision and until the frontal airbag comes into action. The model is applied for a racing car used in the student car competition called Formula Student (Figure 1). The airbag comes into operation after the seat belt has performed its duty. The study did not account for the impact of the airbag on the driver and the investigation was limited to a specific time interval, concluding when the airbag deploys. Such a model, which involves numerous parameters that are taken into account, offers multiple study possibilities. The response of the safety belt, along with the response of the driver’s body, are the elements that are considered in this study. The authors set out to determine if such a racing car, equipped with a classic polyester seat belt, can ensure satisfactory safety in a Formula Student car race. Two safety belt systems are studied, one with a three-point attachment and the other with a four-point attachment, to see if there are differences in the two cases. For the modeling, the Gibbs–Appell method was used to determine the forces that appear at the moment of the shock within the finite element modeling [67,68,69,70,71]. The biological effects on the driver are also very important. The study of these effects is still at an early stage. An accident and the effects of collisions on the passenger are a subject of maximum importance. It is virtually impossible to reproduce an accident using a human subject. The use of corpses can be a substitute for living people, but the results are far from reality, the properties of corpses being different from those of living people. Likewise, if animals are used, which anatomically differ significantly from humans, the results are the same. For this reason, the use of a virtual model to simulate these situations is absolutely necessary. This is what is performed in this work, where a virtual model of the entire car–driver seat belt assembly is generated to determine the mechanical response of the different parts of this assembly.



The analysis carried out in this work is a virtual analysis, which allows the study of the influence of several factors on the system with minimal costs and reduced working time. As a result of all these problems, anthropomorphic devices, called dummies, were used to perform experimental tests. In this study, a standard mannequin is used to create the model. He is considered to have an average height and weight for the US adult population. A male mannequin model is used, which represents an ordinary adult man. This type of FE Hybrid III 50th Male dummy is currently widely used by researchers in frontal impact tests (Figure 2).



The studied racing car is built from bars that provide a tubular structure to the assembly. In the FEM model, these are modeled with the classic, 1st-order shell elements with four corner nodes. Each node has six degrees of freedom. The software used uses a common knot technique to realize the connections between the elements. In the model of the entire assembly, the engine is considered as a single concentrated mass, located in its center of mass. A rigid body element of type RBE2 is used to perform this. In the study of the impact, attenuator shell-type elements were introduced.



The preprocessing stage was performed using the commercial ALTAIR Hyperworks 2020 offered by ALTAIR (Troy, MI, USA) with the components Hypermesh 2020 for pre-processing stage and Hyperview for post-processing stage. Both software packages were provided by the ALTAIR Hyperworks package. The running analysis of a collision with the vertical wall was performed with the RADIOSS software, too part of the ALTAIR software. This solver, RADIOSS, is dedicated for different applications in highly nonlinear dynamic problems of engineering such as accidents, safety, shock or impact analysis, drop tests, explosions, and blast effects.



To analyze dummy behavior after an impact of the machine with a rigid wall, three virtual accelerometers were placed on the dummy in the next location: head (point 1), thorax (point 2), and pelvis (points 3) (see Figure 3).



The impact condition involves an initial velocity, specified as an impact velocity of 7 m/s, equivalent to 25 km/h. This whole assembly, vehicle–driver and seat belt, hits a vertical wall with the speed mentioned above. After the collision, the seat belt is heavily loaded and high accelerations occur at different points of the dummy, which can cause injuries to a real driver.



An impact attenuator is attached to the front of the cart. Its purpose is to absorb a significant portion of the energy during the collision by undergoing deformation. There are several types of such attenuators; in this work, a simple attenuator is considered, which are currently used in such races precisely because of their simplicity and efficiency (Figure 4).



The impact attenuator is mounted in the front part of the car and has the role of absorbing, in the event of an impact, an important part of the vehicle’s kinetic energy.




3. Results


Based on the model described in the previous section, the behavior of the various elements of the assembly upon collision with the vertical wall was studied. A first study was conducted to study the kinematics (movement) of the driver at the time of the collision, if he is held by the safety center. The positions taken by the dummy in the interval between the moment of the collision and 0.1 s were studied. The results are presented in Figure 5. The two cases are analyzed when the car is equipped with a three-point seat belt and when it is equipped with a four-point fastening belt. After analyzing the results, it can be seen that the differences are not great, with both belts allowing a very similar movement of the mannequin at the time of the shock.



Figure 6, Figure 7, Figure 8 and Figure 9 show a qualitative representation of the stresses that appear in the seat belt webbing after the collision. At the points where the tension is maximum, this value is given numerically. In all cases, it can be seen that these stresses are lower than the maximum admissible stress, which for the material used is 310 MPa. However, it is found that the stresses that appear in the webbing of the belt with the four-point attachment are lower than the maximum stresses that appear in the webbing of the belt fixed at three points (Table 1) [54,70].



Another aspect followed in the study was the determination of the accelerations that different points of the body bear during the collision with the shock. The paper presented the accelerations that appear in point 1 of Figure 3, where it was found that they have the highest values. The graphs of these accelerations are presented in Figure 10 and Figure 11.



It is found that the accelerations that act on the head in the case of using the four-point belt are generally higher than the accelerations that act on the head in the case of using the three-point belt. This is somewhat predictable because the four-point seat belt pulls the driver’s body more rigidly to the seat, and then it is assumed that the shocks received by the driver through the driver’s seat will be greater. This is a disadvantage. However, four-point belts are used in racing cars, which have advantages from other points of view [51,71].



The graphs of second order accelerations are presented in Figure 12 and Figure 13.




4. Discussion


The effort required to develop the model is obviously significant, involving the consideration of numerous factors within the vehicle–driver seat belt assembly. This involves modeling the structure of the vehicle, the impact attenuator, the mannequin used, and the seat belt. Then all these assemblies are incorporated into a single model. Of course, since the subject is the behavior of the seat belt, this part is treated with special attention and discretized accordingly. Such a particularly complex model allows the study of numerous parameters with the ultimate goal of ensuring driver safety.



According to the results obtained, it is found that there are only a few differences between the results obtained if a safety belt with a three-point fastening or one with a four-point fastening is used. The three-point belt has the advantage of simplicity and, as a result, of the cost price. If it is taken into account that the large series in which ordinary vehicles are manufactured, the use of a three-point belt would bring significant savings to the manufacturer. Another advantage is the simplicity of using such a belt. The material used, polyester, is easy to obtain and has perfect mechanical and physical properties for longer use. The use of this material ensures similar properties for the three-point and four-point belts. In car races, however, the safety of the driver in conditions of extreme loads is extremely important. Catastrophic events have a much higher probability of occurring in a racing car than in a car currently used in practical life. As a result, in the case of a racing car, the use of a four-point belt is required, even if the advantages it offers seem, at first glance, to be minor compared to a three-point belt. With the three-point seat belt, the lap belt slipping over the iliac crest of the pelvis during frontal crashes can substantially increase the risk of passenger injury. A multitude of factors, related to occupants or seat belt design, are associated with this phenomenon. This paper has presented the accelerations observed at point 1 in Figure 3, revealing that this location exhibited the highest values.



Figure 10, Figure 11, Figure 12 and Figure 13 show us that the accelerations acting on the head and the second-order accelerations are similar for the two types of belts. Figure 6, Figure 7, Figure 8 and Figure 9 also show us that the stresses that appear in the safety belt in the case of a frontal collision with a wall have relatively close values. The paper proposed the use of a complex model to draw the presented conclusions. There are extremely few works dedicated to a calculation of the stresses that appear in the seat belt and also few mathematical models that analyze in depth the shock phenomena that occur in a very short interval but can have dramatic effects on the driver and of passengers. In this sense, the present paper comes to fill this lack in the study of appropriate models and in the analysis of the phenomena produced during the action of a safety belt. There are also no studies showing the stresses that appear in the belt at maximum stress.




5. Conclusions


The results obtained in this paper justify the use of the safety belt with three-point fastening in series cars and the belt with four-point fastening in racing cars. The study employs a FEM model, and the results derived from this model illuminate a broad research horizon. Given that the behavior of the driver or passenger is influenced by numerous factors, the existing descriptions in specialized literature remain insufficient. The model developed by the authors allows the study of the belt to take into account several factors and how their variation can influence the functionality of the safety belt. The research result can be useful primarily to designers to decide if the designed system can ensure minimum safety in operation or in a car race. Modeling using a real racing car, used in the student competitions, gave the authors the opportunity to determine some essential parameters at the design stage.



The study and the developed model, along with the obtained results, require future developments, which is a result of the complexity of the problem addressed and involves several areas of interest. In addition to the highly complex and elaborate mechanical modeling, studies on the biological behavior of the dummy used for modeling are also required. Cooperation with researchers in other fields would help identify the damages and injuries that drivers can sustain in the event of an accident. For example, cooperation with biologists and doctors could help to obtain extremely useful results for the design of safety systems.







Author Contributions


Both authors have the same contribution to elaborate the paper. All authors have read and agreed to the published version of the manuscript.




Funding


The APC was funded by Transilvania University of Brasov.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Available online: https://www.sfifoundation.com/wp-content/pdfs/Webbing%20Life%20Presentation%2012-2014.pdf (accessed on 10 December 2023).

	



Available online: https://narrowtex.com.au/wp-content/uploads/2020/07/WP-Restraint-Webbing.pdf (accessed on 10 December 2023).

	



Ziegler, P.N. Effect of Safety Belt Usage Laws around World. J. Saf. Res. 1977, 9, 97–99. [Google Scholar]

	



Katz, J.; Stotter, A. Passive Safety Belt Operatyed by Motor-Car Door. Veh. Syst. Dyn. 1978, 7, 113–122. [Google Scholar] [CrossRef]

	



Thomas, J.; Patil, R.S.; John, J.; Patil, M. A Comprehensive Outlook of Scope within Exterior Automotive Plastic Substrates and Its Coatings. Coatings 2023, 13, 1569. [Google Scholar] [CrossRef]

	



Oday, J.; Scott, R.E. Safety Belt Use, Ejection and Entrapment. Health Educ. Q. 1984, 11, 141–146. [Google Scholar] [CrossRef]

	



Brag, B.W.E.; Finn, P. Influence of Safety Belt usage on Perception of the Risk of an accident. Accid. Anal. Prev. 1985, 17, 15–23. [Google Scholar] [CrossRef]

	



Evans, L.; Frick, M.C. Safety belt effectiveness in preventing driver fatalities versus a number of vehicular accident, roadway and environmental factors. J. Saf. Res. 1986, 17, 143–154. [Google Scholar] [CrossRef]

	



Hakkert, A.S.; Zaidel, D.M.; Sarelle, E. Patterns of Safety Belt Usage Following Introduction of a Safety Belt Wearing Law. Accid. Anal. Prev. 1981, 13, 65–82. [Google Scholar] [CrossRef]

	



Latimer, E.A.; Lave, L.B. Initial Effects of the New York State Auto Safety Belt Law. Am. J. Public Health 1987, 77, 183–186. [Google Scholar] [CrossRef]

	



Lowenhielm, P.; Voigt, G.E.; Ljung, C.B.A.; Wihlberg, B.G. Influence of Post-Mortem Changes on Experimental Safety Belt Injuries. Z. Fur Rechtsmed. J. Leg. Med. 1977, 80, 171–182. [Google Scholar] [CrossRef]

	



Tarriere, C.; Hartemann, F.; Fayon, A.; Banzet, P.; Leung, Y.C. The prevention of lesions of the face—The role of safety belt and its limitations. J. Med. Leg. Driot Med. 1981, 24, 193–212. [Google Scholar]

	



Lechaux, J.P.; Poinsard, J.P.; Ravaud, Y.; Asseraf, J.; Boulakia, C. Abdominal traumas due to the safety belt. Nouv. Presse Medicale 1981, 10, 3385–3388. [Google Scholar]

	



Tolonen, J.; Kiviluoto, O.; Santavirta, S.; Slatis, P. The effects of vehicle mass, speed and safety belt wearing on the causes of death in road traffic accidents. Ann. Chir. Gynaecol. 1984, 73, 14–20. [Google Scholar]

	



Evans, L. Estimating Fatality Reductions from Increased Safety Belt Use. Risk Anal. 1987, 7, 49–57. [Google Scholar] [CrossRef]

	



Sleet, D.A. Motor-vehicle trauma and safety belt use in the context of public-health priorities. J. Trauma-Inj. Infect. Crit. Care 1987, 27, 695–702. [Google Scholar] [CrossRef] [PubMed]

	



Campbell, B.J. Safety belt injury reduction related to crash severity and front seated position. J. Trauma-Inj. Infect. Crit. Care 1987, 27, 733–739. [Google Scholar] [CrossRef] [PubMed]

	



Abbas, I.; Hobiny, A.; Marin, M. Photo-thermal interactions in a semi-conductor material with cylindrical cavities and variable thermal conductivity. J. Taibah Univ. Sci. 2020, 14, 1369–1376. [Google Scholar] [CrossRef]

	



Geller, E.S. A delayed reward strategy for large-scale motivation of safety belt use—A test of long-term impact. Accid. Anal. Prev. 1984, 16, 457–463. [Google Scholar] [CrossRef]

	



Rudd, J.R.; Geller, E.S. A university-based incentive program to increase safety belt use—Toward cost-effective institutionalization. J. Appl. Behav. Anal. 1985, 18, 215–226. [Google Scholar] [CrossRef] [PubMed]

	



Geller, E.S.; Bruff, C.D.; Nimmer, J.G. Flash for life-community-based prompting for safety belt promotion. J. Appl. Behav. Anal. 1985, 18, 309–314. [Google Scholar] [CrossRef]

	



Cope, J.G.; Grossnickle, W.F.; Geller, E.S. An evaluation of 3 corporate strategies for safety belt use promotion. Accid. Anal. Prev. 1986, 18, 243–251. [Google Scholar] [CrossRef]

	



Abo-Dahab, S.M.; Abouelregal, A.E.; Marin, M. Generalized Thermoelastic Functionally Graded on a Thin Slim Strip Non-Gaussian Laser Beam. Symmetry 2020, 12, 1094. [Google Scholar] [CrossRef]

	



Fekry, M.; Othman, M.I.A. Plane waves in generalized magneto-thermo-viscoelastic medium with voids under the effect of initial stress and laser pulse heating. Struct. Eng. Mech. 2020, 73, 621–629. [Google Scholar]

	



Nelson, G.D.; Moffit, P.B. Safety Belt Promotion—Theory and Practice. Accid. Anal. Prev. 1988, 20, 27–38. [Google Scholar] [CrossRef]

	



Yi, Q.; Yi, Q. Safety Belt Wearing Detection Algorithm Based on Human Joint Points. In Proceedings of the 2021 IEEE International Conference on Consumer Electronics and Computer Engineering (ICCECE), Guangzhou, China, 15–17 January 2021. [Google Scholar]

	



Yu, B.J.; Feng, X.R.; Yu, W.H. Design of Vehicle Safety Belt Motion Detection Platform Based on Digital PID Regulation. In Proceedings of the International Conference on Electronical, Mechanical and Materials Engineering (ICE2ME2019), Wuhan, China, 20–21 January 2019; Volume 181, pp. 143–146. [Google Scholar]

	



Shi, P.C.; Wang, S.; Xiao, P. Strength Analysis on Safety-Belt ISOFIX Anchorage for Vehicles Based on HyperWorks and Ls-Dyna. Neural Information Processing, ICONIP 2017, PT V. In Proceedings of the 24th International Conference on Neural Information Processing (ICONIP), Guangzhou, China, 14–18 November 2017; Volume 10638, pp. 387–396. [Google Scholar] [CrossRef]

	



Xu, J.; Song, K. Study on Automatic Detection Method of Automobile Safety Belt Based on the Improvement of Adaboost Algorithm. In Proceedings of the 3rd International Conference on Mechatronics and Industrial Informatics (ICMII), Zhuhai, China, 30–31 October 2015; Volume 31, pp. 1045–1049. [Google Scholar]

	



Zhao, X.J.; Schindler, C. Investigation of the effect of safety belt on the seat transmissibility. Proc. Inst. Mech. Eng. Part K J. Multibody Dyn. 2014, 228, 252–265. [Google Scholar] [CrossRef]

	



Gavelin, A.; Iraeus, J.; Lindquist, M.; Oldenburg, M. Evaluation of finite element models of seat structures with integrated safety belts using full-scale experiments. Int. J. Crashworthiness 2010, 15, 265–280. [Google Scholar] [CrossRef]

	



Gavelin, A.; Lindquist, M.; Haggblad, H.A.; Oldenburg, M. Methodology for mass minimisation of a seat structure with integrated safety belts constrained by biomechanical responses on the occupant in frontal crashes. Int. J. Crashworthiness 2010, 15, 343–355. [Google Scholar] [CrossRef]

	



Eby, D.W. Factors Influencing Safety Belt Use. In Handbook of Traffic Psychology; Elsevier: Amsterdam, The Netherlands, 2011; pp. 215–229. [Google Scholar] [CrossRef]

	



Zhao, X.Y.; Xing, Y.F.; Zhao, B. The Dynamic Simulation Analysis of the Vehicle Safety Belt Retractor. Adv. Mater. Res. 2010, 139–141, 1097–1100. [Google Scholar] [CrossRef]

	



Sivak, M.; Schoettle, B.; Rupp, J. Survival in Fatal Road Crashes: Body Mass Index, Gender, and Safety Belt Use. Traffic Inj. Prev. 2010, 11, 66–68. [Google Scholar] [CrossRef]

	



Muszyński, A.; Trzaska, P.; Wicher, J.; Mazurkiewicz, Ł. Analysis of the forces developing in the straps of the belts that restrain a child in a safety seat. Arch. Automot. Eng. Arch. Motoryz. 2015, 67, 113–126. [Google Scholar]

	



Conner, K.A.; Xiang, H.Y.; Smith, G.A. The impact of a standard enforcement safety belt law on fatalities and hospital charges in Ohio. J. Saf. Res. 2010, 41, 17–23. [Google Scholar] [CrossRef]

	



Coimbra, R.; Conroy, C.; Tominaga, G.T.; Bansal, V.; Schwartz, A. Causes of scapula fractures differ from other shoulder injuries in occupants seriously injured during motor vehicle crashes. Inj. Int. J. Care Inj. 2010, 41, 151–155. [Google Scholar] [CrossRef] [PubMed]

	



Timonov, P.; Goshev, M.; Brainova-Michich, I.; Alexandrov, A.; Nikolov, D.; Fasova, A. Safety belt abdominal trauma associated with anthropometric characteristics of an injured person a case report. Egypt. J. Forensic Sci. 2018, 8, 53. [Google Scholar] [CrossRef]

	



Ashley, S. Mechanical Seat-Belt Tensioner. Mech. Eng. 1992, 114, 24. [Google Scholar]

	



De Gaspari, J. ‘Smarter’ seat belt fiber. Mech. Eng. 2002, 124, 22–30. [Google Scholar]

	



Takimizu, Y. Retraction performance of motor vehicle seat belt. J. Jpn. Soc. Tribol. 1997, 42, 625–630. [Google Scholar]

	



Sances, A.; Kumaresan, S.; Herbst, B.; Meyer, S.; Hock, D. Biomechanics of seat belt restraint system. In Proceedings of the 41st Annual Rocky Mountain Bioengineering Symposium/41st International ISA Biomedical Sciences Instrumentation Symposium, Fort Collins, CO, USA, 23–25 April 2004; Volume 449, pp. 377–380. [Google Scholar]

	



Shi, P.C.; Xu, Z.W. Analysis of Seat. In Proceedings of the 5th Annual International Conference on Material Science and Environmental Engineering (MSEE 2017), Xiamen, China, 15–17 October 2017; Volume 301, p. 012127. [Google Scholar]

	



Huston, R.L. A Review of the effectiveness of seat belt systems: Design and safety considerations. Int. J. Crashworthiness 2001, 6, 243–252. [Google Scholar] [CrossRef]

	



Zhao, F.; Jiao, H.Y. Topography Optimization of Automobile Seat Belt Bracket. In Proceedings of the 2017 International Conference on Mechanical, Electronic, Control and Automation Engineering (MECAE 2017), Beijing, China, 25–26 March 2017; Volume 61, pp. 10–14. [Google Scholar]

	



Dubois, D.; Gross, P.; Tramecon, A.; Markiewicz, E. Finite element analysis of seat belt bunching phenomena. Int. J. Crashworthiness 2006, 11, 519–528. [Google Scholar] [CrossRef]

	



Kang, S.J.; Chun, B.K. Strength analysis of automotive seat belt anchorage. Int. J. Veh. Des. 2001, 26, 496–508. [Google Scholar] [CrossRef]

	



Roberts, A.; Partain, M.; Batzer, S.; Renfroe, D. Failure analysis of seat belt buckle inertial release. Eng. Fail. Anal. 2007, 14, 1135–1143. [Google Scholar] [CrossRef]

	



Dubois, D.; Zellmer, H.; Markiewicz, E. Experimental and numerical analysis of seat belt bunching phenomenon. Int. J. Impact Eng. 2009, 36, 763–774. [Google Scholar] [CrossRef]

	



Itu, C.; Toderita, A.; Melnic, L.-V.; Vlase, S. Effects of Seat Belts and Shock Absorbers on the Safety of Racing Car Drivers. Mathematics 2022, 10, 3593. [Google Scholar] [CrossRef]

	



Tang, Y.M.; Lv, N.; Xue, Q.; Wang, T.; Tan, W.F. Experiment Simulation of Seat Belt and ISOFIX Anchorage for a Commercial Vehicle. In Proceedings of the 8th International Conference on Measuring Technology and Mechatronics Automation (ICMTMA), Macau, China, 11–12 March 2016; pp. 282–285. [Google Scholar]

	



Jung, S.P.; Park, T.W.; Park, C.S. Dynamic analysis and design optimisation of the seat belt pretensioner. Veh. Syst. Dyn. 2010, 48, 65–78. [Google Scholar] [CrossRef]

	



Meyer, S.E.; Hock, D.; Forrest, S.; Herbst, B. Motor vehicle seat belt restraint system analysis during rollover. In Proceedings of the 40th Annual Rocky Mountain Bioengineering Symposium/40th International ISA Biomedical Sciences Instrumentation Symposium, Biloxi, MS, USA, 10–13 April 2003; Volume 39, pp. 229–240. [Google Scholar]

	



Kim, C.J.; Kang, Y.J.; Lee, B.H. Experimental spectral damage prediction of a linear elastic system using acceleration response. Mech. Syst. Signal Process. 2011, 25, 2538–2548. [Google Scholar] [CrossRef]

	



Gibbs, J.W. On the fundamental formulae of dynamics. Am. J. Math. 1879, 2, 49–64. [Google Scholar] [CrossRef]

	



Appell, P. Sur une forme générale des equations de la dynamique. C. R. Acad. Sci. Paris 1899, 129, 459–460. [Google Scholar]

	



Mirtaheri, S.M.; Zohoor, H. The Explicit Gibbs-Appell Equations of Motion for Rigid-Body Constrained Mechanical System. In Proceedings of the RSI International Conference on Robotics and Mechatronics ICRoM, Tehran, Iran, 23–25 October 2018; pp. 304–309. [Google Scholar]

	



Korayem, M.H.; Dehkordi, S.F. Motion equations of cooperative multi flexible mobile manipulator via recursive Gibbs-Appell formulation. Appl. Math. Model. 2019, 65, 443–463. [Google Scholar] [CrossRef]

	



Shafei, A.M.; Shafei, H.R. A systematic method for the hybrid dynamic modeling of open kinematic chains confined in a closed environment. Multibody Syst. Dyn. 2017, 38, 21–42. [Google Scholar] [CrossRef]

	



Marin, M.; Seadawy, A.; Vlase, S.; Chirila, A. On mixed problem in thermos-elasticity of type III for Cosserat media. J. Taibah Univ. Sci. 2022, 16, 1264–1274. [Google Scholar] [CrossRef]

	



Ursu-Fisher, N. Elements of Analytical Mechanics; House of Science Book Press: Cluj-Napoca, Romania, 2015. [Google Scholar]

	



Vlase, S.; Negrean, I.; Marin, M.; Scutaru, M.L. Energy of Accelerations used to obtain the Motion Equations of a Three-Dimensional Finite Element. Symmetry 2020, 12, 321. [Google Scholar] [CrossRef]

	



Vlase, S.; Marin, M.; Scutaru, M.L. Maggi’s equations used in the finite element analysis of the multibody systems with elastic elements. Mathematics 2020, 8, 399. [Google Scholar] [CrossRef]

	



Marin, M.; Florea, O. On temporal behaviour of solutions in thermoelasticity of porous micropolar bodies. Anal. St. Univ. Ovidius Constanta 2014, 22, 169–188. [Google Scholar] [CrossRef]

	



Codarcea-Munteanu, L.; Marin, M.; Vlase, S. The study of vibrations in the context of porous micropolar media thermoelasticity and the absence of energy dissipation. J. Comput. Appl. Mech. 2023, 54, 437–454. [Google Scholar]

	



Karishma, P.; Venugopal, K.V.; Raju, I.R.K. Optimization and Impact Analysis of a Roll Cage Model. Int. Res. J. Eng. Technol. (IRJET) 2018, 5, 526–543. [Google Scholar]

	



Kanketr, T.; Phongphinnittana, E.; Patamaprohm, B. Design of a CFRP composite monocoque: Simulation approach. IOP Conf. Ser. Mater. Sci. Eng. 2018, 501, 012014. [Google Scholar] [CrossRef]

	



Lufinka, A. Crash Test of the Student Racing Car Impact Attenuator. In Proceedings of the 58th International Conference of Machine Design Departments (ICMD 2017), Prague, Czech Republic, 6–8 September 2017; pp. 210–213. [Google Scholar]

	



Modrea, A.; Vlase, S.; Teodorescu-Draghicescu, H.; Mihalcica, M.; Calin, M.R.; Astalos, C. Properties of advanced new materials used in automotive engineering. Optoelectron. Adv. Mater.-Rapid Commun. 2013, 7, 452–455. [Google Scholar]

	



Mihradi, S.; Golfianto, H.; Mahyuddin, A.I.; Dirgantara, T. Head Injury Analysis of Vehicle Occupant in Frontal Crash Simulation: Case Study of ITB’s Formula SAE Race Car. J. Eng. Technol. Sci. 2017, 49, 534–545. [Google Scholar] [CrossRef]








[image: Materials 16 07640 g001] 





Figure 1. Dummy equipped with belt and impact attenuator. 
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Figure 2. Three-point belt webbing and four-point belt webbing. (a) Race car equipped with 3-point belt webbing. (b) Race car equipped with 4-point belt webbing. (c) Dummy with 3-point belt. (d) Dummy with 4-point belt. 
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Figure 3. The location of the virtual accelerometers. 
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Figure 4. The car equipped with an impact attenuator. 
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Figure 5. Kinematics of the mannequin in the two cases. 
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Figure 6. The stresses that appear in the belt webbing at the moment T = 0.025 s. 
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Figure 7. The stresses that appear in the belt webbing at the moment T = 0.045 s. 
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Figure 8. The stresses that appear in the belt webbing at the moment T = 0.055 s. 
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Figure 9. The stresses that appear in the belt webbing at the moment T = 0.060 s. 
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Figure 10. The longitudinal acceleration of the point situated on head. 
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Figure 11. The vertical acceleration of the point situated on head. 
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Figure 12. Longitudinal second order acceleration: 3-point belt versus 4-point belt. 
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Figure 13. Vertical second order acceleration: 3-point belt versus 4-point belt. 
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Table 1. Maximum stresses in belt webbing.
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	Time
	Maximum Stress in 3-Point Belt Webbing [MPa]
	Maximum Stress in 4-Point Belt Webbing [MPa]
	Difference [%]





	0.025
	84
	73
	15.1



	0.045
	163
	159
	2.5



	0.055
	225
	216
	4.1



	0.6
	208
	205
	1.4
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