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Abstract

:

This paper aimed to study the behavior of a body (dummy) that was in a race car in the event of a frontal collision with a wall in order to see what loads were acting on the dummy. Based on a complex car model, equipped with two safety system seat belts and a shock absorption system, the behavior of the dummy was obtained following frontal collision of the car–dummy assembly. The accelerations were obtained at different points of the dummy’s body and the force that appeared on the seat belts were determined. The Gibbs–Appell method was used to assess the response of the system based on the equations of motion in a problem involving shocks. This paper demonstrates that the revisited old principle of mechanics can offer an interesting and convenient means to obtain results in a short time. FEM and Altair Hyperworks software II was used to model the system. It can be used to determine whether a seat belt is able to work if it has defects during use, such as scratches, cigarette burns or animal bites.
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1. Introduction


At present, passenger safety is paramount in the car manufacturing industry. The automotive industry recognizes the importance of passenger safety and is constantly modernizing their offerings in order to provide safety technologies to protect passengers and pedestrians. In this direction, passive safety systems play an important role in limiting the damage/injury caused to the driver, passengers and pedestrians in the event of an accident. Airbags (front, two-stage front, side), anti-lock brake systems (ABS), traction control, electronic stability control (ESC), seat belts, shock protection systems, etc. are passive safety systems commonly installed in vehicles today. In this paper, we analyze the effects of the shocks that impact a dummy in a vehicle (a race car equipped with a shock protection system and seat belt) that suffers a frontal collision.



Studies on various aspects of the design, manufacture and operation of seat belts have been necessary since their use [1,2,3]. Particular attention has been paid to the health effects of vehicle occupants, and numerous studies have been conducted in this regard. The seat belt has the role of protecting the occupants of the vehicle. The best evidence demonstrating the role of the belt has been generated from accidents involving overweight people. A biomechanical assessment of the role of the belt has been developed [4]. An anthropometric physical test dummy was used for the study. The mass of the dummy was 80 kg. A force above 1000 N produced a fold or crimp in the belt. In [5] a CAE analysis was performed on the safety of the seats in the design stage. HyperWorks finite element analysis software was used to model the seat belts and to observe the effects of the belt on the upper limbs and buttocks of the mannequins. The results obtained enabled verification of the strength requirements of the material, reductions in development costs, shortening of the design development cycle and the design of a system to test these belts. An analysis of the efficiency and limitations of seat belt systems was made in [6]. The findings from post-accident inspections of seat belt systems are extremely important for assessing seat belt performance. Based on these, the paper offers solutions for current and future design improvements. The material of the belt is M19_fabri, with a Young’s moduli of E11 = E22 = 2500 MPa, a Poisson ratio of ν = 0.2, a bending modulus of G = 1040 MPa and a density of ρ = 1000 kg/m3.



The first seat belts were used in aviation at the beginning of the last century. The first belt that was used in the automotive industry was designed for a Ford car model in 1956 using a patent from the brothers Kenneth and Bob Ligon. In 1959, three-point seat belts were introduced in the Volvo PV544. The second greatest cause of death in road accidents is not wearing a seat belt. This highlights how important this component of the vehicle is for the car industry. Legislation has taken this into account and, since 2006, seat belts have been mandatory in all EU member states.



Improper seat belt cleaning methods, such as washing the strap with various chemical solutions to quickly remove dirt, washing the belt with various abrasive materials, washing the strap and not drying it completely and storing it inside the retractor, can result in damage to the strap.



The design of the belts was analyzed in some interesting papers, where new solutions were proposed or considerations were made to the current solutions. In [7] a solution was presented to improve the mechanical properties of the belt by optimizing the tissue topology. This reduced the maximum deformation of the shock absorber width by 36.7% and reduced the maximum tension by 17.6%. In this way, a significant increase in the mechanical performance of the belt was achieved.



Different aspects of the construction and operation of seat belts are presented in [8,9,10]. Experimental studies are presented in [11,12,13] and other aspects are presented in [14,15].



Considering the fact that the front bumper performs the role of shock absorber/impact attenuator, it is commonly used in manufactured cars and is a mandatory component of a racing car. This component has been studied in some works in order to determine its effects on the occupant of a car and to establish the optimal form for better shock absorption in a collision. Occupant safety in the event of an accident is a priority for manufacturers and designers, and the front bumper is all the more important for a car used in car racing as it is a structure that ensures increased safety. In [16], a study investigating the use of a roll cage in a SUPRA racing car, an improved design solution was presented to ensure safety following impacts to the front, rear and sides of the vehicle. The stress and strain field analysis was performed using ANSYS 18.1. The materials used for these shock absorber systems matter and different types of materials have been analyzed. In [17], a CFRP composite used in automotive engineering was analyzed. This material was used to build a monocoque chassis for a racing car that was used in Formula Student. The main objective was to meet the safety requirements set by the SAE Formula. The finite element method was used to perform the calculations and to optimize the sensitive sections of the monocoque. The crash test for a car used for formula student SAE is described in [18]. The front impact attenuator was studied in the paper and was designed as to guarantee a high rate of energy absorption during the crash. The medical aspects of shock absorber utility are presented in the papers [19,20]. In works [21,22,23,24], different aspects of the calculation and design of mechanical absorbers are presented.



Within the context presented, the safety of the passenger in a frontal collision is an important desideratum for the automotive industry. In this paper, we studied the stresses that appear in the seat belt of a vehicle and the accelerations that appear at different points on a dummy’s body during a frontal collision. Modeling was performed specifically for racing cars. Papers on various formalities involving second-order acceleration and acceleration energy have been used to study different mechanical systems. Second-order accelerations are applied in studies exploring the response that biological systems have to shocks and vibrations. Energy accelerations can occur in the same type of problem and in the study of strong damping. A special role is played by the energy of accelerations in Gibbs–Appell equations [25,26,27,28,29].



The following is a brief overview of research investigating second-order accelerations and the energy of accelerations in mechanical systems. The two notions, although known for a long time, have started to be used more recently. This is because there is a need to obtain more precise models and shorter analysis times for these systems, a necessity imposed by the industry following recent developments. Thus, [30] presents the Lagrange equations of the third order which are used to determine the equation of motion of a body. These equations contain derivatives of acceleration and force. The results presented in the paper resume similar research that was developed in the field (by developing Gibbs–Appell methods). Problems in the analysis of damping in dynamic systems have led to research involving variation in accelerations. In order to analyze this type of system in [31], problems involving the stabilization of stationary states and motion trajectories were formalized. The representations that were obtained allowed the study of these aspects as depreciation problems. The control algorithms were synthesized on classical nonlinear models in the form of Newton, Euler and Lagrange equations. The results were illustrated by studying the dynamics of the motion control processes of a Puma-type robot.



Accelerations were used to obtain the dynamic response of a mechanical system in [32]. The control algorithms that were used to stabilize the stationary states and trajectories of holonomic mechanical systems are presented in [33,34] in the form of Lagrange equations, based on the concepts of inverse dynamic problems. The parameters involved in the algorithm were presented and discussed in the paper.



The notion of acceleration energy is used, but from other points of view [33]. Shock absorbers lead to rapid variations in acceleration in mechanical systems, variations that can be used, in some cases, to study and characterize system behavior. Such a study was conducted in [35], where the conventional approach to aircraft landing tasks involved the use of a nonlinear set of equations and a modal representation of the aircraft body. The first analysis of such a project shows that the use of a linearized set of equations can be an extremely efficient calculation method. An analysis of the possibilities of developing an efficient shock absorption system is presented in [36]. The concept of low dynamic stiffness, which was developed using a nonlinear model, is used to achieve this goal. The shock response was evaluated experimentally and the advantages of the proposed system over a classical linear system were presented. A multitude of phenomena occurring in a very short time necessitates the study of second-order accelerations not only in the mechanical field [37,38,39,40,41]. Different aspects of the issues related to these notions are presented in [42,43,44,45].



Research into ways to deal with this particularly important problem (the safety of the driver and passengers) continues in numerous research centers. Research reporting new results, some even in the Student Formula field, are presented in [46,47,48,49,50,51].



The purpose of this work was to determine the loads to which the car driver is subjected in the first part of the interval that follows a frontal collision. Hence, FEM modeling of the entire car system, car driver and seat belt was performed. The modeling was performed for a real racing car that is used by Transilvania University in some student car competitions. Airbags were not considered in this case. The obtained results open a wide research horizon since the behavior of the system is influenced by many factors and current descriptions are still insufficient. The mechanical response of the system was studied during this very short interval of time following the collision in order to see whether the system could ensure minimum safety in a race. Firstly, we present a convenient mathematical model for researchers using the Gibbs–Appell method, enabling the quick determination of requests that appear in the system which will then be used in the FEM model [52,53,54,55,56,57,58,59,60,61,62,63]. The modeling of a real racing car, used in competitions by university students, was performed in order to obtain some of the results presented in this paper. Obviously, numerous problems require further investigation, e.g., the study of a belt fixed at four points or the study of the biological effects of the accelerations sustained by the driver or passenger.




2. Models and Method


We present some basic notions of analytical mechanics that were used in this paper.



2.1. Second-Order Acceleration and Energy of Acceleration


Position of a point M became, after a deformation, M′, with the expression:


     {   r  M ′    }   G  =    {   r O   }   G  +  [  R O T  ]   (     { r }   L  +    { u }   L   )  .  



(1)




where      {   r  M ’    }   G    is the position vector of the point M′,      {   r O   }   G    is the position vector of the point M,    [  R O T  ]    is the rotation matrix and      { u }   L    is the elastic displacement [58,59,60,61].



The elastic displacements are expressed using the shape functions    [ N ]   :


     { u }   L  =  [ N ]     { δ }   L  .  



(2)







Differentiation of this equation results in the velocity:


     {   v  M ’    }   G  =    {    r ˙   M ’    }   G  =    {    r ˙  O   }   G  +  [  R  O ˙  T  ]     { r }   L  +  [  R  O ˙  T  ]   [ N ]     { δ }   L  +  [  R O T  ]   [ N ]     {  δ ˙  }   L  .  



(3)







The acceleration of the point is:


     {   a  M ’    }   G  =    {    r ¨  O   }   G  +  [  R  O ¨  T  ]     { r }   L  +  [  R  O ¨  T  ]   [ N ]     { δ }   L  + 2  [  R  O ˙  T  ]   [ N ]     {  δ ˙  }   L  +  [  R O T  ]   [ N ]     {  δ ¨  }   L  .  



(4)




and the second-order acceleration is:


     {    a ˙   M ’    }   G  =    {    r ⃛  O   }   G  +  [  R  O ⃛  T  ]     { r }   L  +  [  R  O ⃛  T  ]   [ N ]     { δ }   L  + 3  [  R  O ¨  T  ]   [ N ]     {  δ ˙  }   L  + 3  [  R  O ˙  T  ]   [ N ]     {  δ ¨  }   L  +  [  R O T  ]   [ N ]     {  δ ⃛  }   L  .  



(5)







The expression of the energy of acceleration for N material points with the masses    m i    and the accelerations    a i     is [60,61]:


   E a  =  1 2    ∑  i = 1  N    m i   a i 2    .  



(6)







For a continuous solid body, this relation can be written as:


   E a  =  1 2     ∫ V   ρ  a 2  d V    .  



(7)







After introducing Equation (4) into Equation (7), the following equation was obtained:


    E a  =  1 2     ∫ V   ρ  a  M ’  2     d V =  1 2     ∫ V  ρ      {   a  M ’    }   T   {   a  M ’    }  d V    =  1 2     ∫ V   ρ  (     {    r ¨  O   }   G T  +    { r }   L T     [  R  O ¨  T  ]   T  +    { δ }   L T     [ N ]   T     [  R  O ¨  T  ]   T  + 2    {  δ ˙  }   L T     [ N ]   T     [  R  O ˙  T  ]   T  +    {  δ ¨  }   L T     [ N ]   T     [  R O T  ]   T   )     x    x  (     {    r ¨  O   }   G  +  [  R  O ¨  T  ]     { r }   L  +  [  R  O ¨  T  ]   [ N ]     { δ }   L  + 2  [  R  O ˙  T  ]   [ N ]     {  δ ˙  }   L  +  [  R O T  ]   [ N ]     {  δ ¨  }   L   )  d V   



(8)








2.2. Gibbs–Appell Formalism


The Gibbs–Appell equations can be expressed as [59]:


    ∂  E a    ∂   q ¨  j    =  Q j    j =   1 , n  ¯  .  



(9)







Equation (8) includes the following terms [60,61]:




	
   E  a 2     is the part of the energy of acceleration that includes only quadratic terms:


   E  a 2   =  1 2     ∫ V   ρ  (     {  δ ¨  }   L T     [ N ]   T   [ N ]     {  δ ¨  }   L   )     d V ;  



(10)

















	
   E  a 1     is the part that includes linear terms:


     E  a 1   =    ∫ V   ρ  (     {  δ ¨  }   L T     [ N ]   T     [  R O T  ]   T   {    r ¨  O   }  +    {  δ ¨  }   L T     [ N ]   T     [  R O T  ]   T   [  R  O ¨  T  ]     { r }   L             +    {  δ ¨  }   L T     [ N ]   T     [  R O T  ]   T   [  R  O ¨  T  ]   [ N ]     { d }   L  + 2    {  δ ¨  }   L T     [ N ]   T     [  R O T  ]   T   [  R  O ˙  T  ]   [ N ]     {  δ ˙  }   L   )  ) d V    



(11)

















	
   E  a 0     is the part of the energy of acceleration without      {  δ ¨  }   L    terms.








If we take into account our notations, Equation (9) can be written as:


     {    ∂  E a    ∂  δ ¨     }   L  −    { Q }   L  = 0 ;    



(12)







The term    E a    is:


   E a  =  E  a o   (  q ˙  ) +  E  a 1   (  q ˙  ,  q ¨  ) +  E  a 2   (  q ¨  ) ;    



(13)




and:


     { Q }   L  =  [ k ]     { δ }   L  +    { q }   L  +    {   q *   }   L  ;  



(14)







If we differentiate it, we obtain:


    ∂  E  a 2     ∂    {  δ ¨  }   L    =  (     ∫ V   ρ    [ N ]   T   [ S ]     d V  )     {  d ¨  }   L  =  [ m ]     {  δ ¨  }   L  ;  



(15)






    ∂  E  a 1     ∂    {  δ ¨  }   L    = −  [   m O i   ]     {    r ¨  O   }   L  −  {   q i  ( ω )  }  −  {   q i  ( ε )  }  +  (   [  k ( ω )  ]  +  [  k ( ε )  ]   )     { δ }   L  +  [ c ]     { δ }   L  ;  



(16)






    ∂  E  a 0     ∂    {  δ ¨  }   L    = 0 .  



(17)







After performing the calculations, we obtain:


   [ m ]     {  δ ¨  }   L  +  [ c ]     {  δ ˙  }   L  +  (   [ k ]  +  [  k  ( ε )   ]  +  [  k  ( ω )   ]   )     { δ }   L  =    { q }   L  +    {   q *   }   L  −    {   q i  ( ε )  }   L  −    {   q i  ( ω )  }   L  −  [   m O i   ]     {    r ¨  O   }   L   



(18)







In Equation (18),    [ m ]    represents the mass matrix,    [ c ]    represents the damping matrix,    [ k ]    represents the stiffness matrix,    [  k  ( ε )   ]    represents the stiffness due to the angular acceleration,    [  k  ( ω )   ]    represents the stiffness due to the angular velocity,      { q }   L  +    {   q *   }   L    represents the concentrated and distributed forces and   −    {   q i  ( ε )  }   L  −    {   q i  ( ω )  }   L  −  [   m O i   ]   {    r ¨  O   }    represents the inertia forces.





3. Numerical Model of a Race Car


In general, man can be considered a fragile creature that is very sensitive to the various requests that may arise from the environment. His vulnerability to blows, impacts or accelerations is really high. In the event of an accident, the shocks are very large and can negatively affect the health of the people in the vehicle.



The automotive industry developed a system to protect the driver and passengers as much as possible. These efforts have focused on the human body. However, we do not have a real human body with which to test systems and conduct experiments. It is very clear that the subject would perish in the simulation of a real accident. As a result, alternatives to this problem were sought and the first solution was to use corpses, the closest substitutes available for a living person. They allow some results to be obtained, but the data obtained are ineffective. Animals have been used in some research, but the results are not reliable and the difference compared to humans is too pronounced. As a result, the use of anthropomorphic test devices, called current dummies, have been used.



Over time, the continuous evolution of these “dummies” has taken place, creating models closer and closer to the human body. The main disadvantage is that, although they are very precise from the point of view of kinematics and can provide values very close to the truth of the accelerations, it is difficult to specify the real demands placed on the human and the potential to harm his body, with possible serious consequences. Dummies with improved biofidelity and a greater possibility to perform measurements were created for this purpose. Thus, “frontal impact dummies”, “side impact dummies” and “aerospace dummies” were created. Of course, different models were created for men, women and children. Most research uses a standard adult mannequin of average size, having the average height and weight of the US adult male population. In the following, we studied the effects of the seat belt and shock absorber on the occupant of the vehicle using a model consisting of a dummy and a racing car [62,63,64]. The FE model that was analyzed is shown in Figure 1. This FE model contains the kart structure with a shock absorber (called an impact attenuator) placed at the front of the structure and a dummy fixed on a chair with a belt system connected in three points.



The goal of the absorber is to diminish the energy of impact transmitted to the dummy after a frontal crash with a rigid wall. The dummy used in FEA crash analysis is a Hybrid III 50th Male FE type. The Hybrid III 50th Percentile Male Crash Test Dummy represents the average adult male and is the most widely used crash test dummy in the world for the evaluation of automotive safety restraint systems in frontal crash testing [65].



The design solution of this shock absorber used in the analysis is shown in Figure 1 and Figure 2. We studied two versions of impact attenuators: one with a thickness of 2 mm and one with a thickness of 3.5 mm.



This study is based on an FEM model using Altair Hyperworks and a racing car that is used in Formula Student (Figure 1). Based on this design, the car is equipped with a shock absorber at the front, which has the role of absorbing shocks in the event of a frontal collision, and with a seat belt that acts on a dummy located in the car (Figure 3) [65,66,67,68]. More interesting parameters can be used in the analysis using the results presented in [69].



Figure 4 shows a square shock absorber system made of a metal sheet that is 2 mm thick that equips the studied racing car. This shock absorber has the role of taking over most of the shock suffered by the driver in the frontal collision.



The material that was used for the shock absorber was carbon steel. The mechanical properties of this material are as follows: a Young Modulus of 200 GPa; a Poison ratio of 0.3; a Tensile Yield Strength of 315 MPa; an Ultimate Tensile Strength of 438 MPa; and an elongation at break of 30%.



The kart structure, consisting of bars that form the chassis assembly, was modeled with first order shell elements with four corner nodes. Every node had six DOFs. The connections between all the bars of the kart structure were made using a common nodes technique. The engine mass was added as a lumped mass and was connected to the structure through rigid body elements RBE2. The shock absorber was modeled using shell elements.



Normally the feet are supported by the pedal support plate. This was not included in the simulation because it is not relevant for the analyses performed. Normally, after the impact, contact between the feet and pedal supports are lost and the tendency of the driver’s feet is to move towards the impact zone in an acceleration sense (x-axis).



This mechanical system was subjected to a frontal shock (Figure 5) following contact between the car and a front wall, after which the car stopped completely. As a result of this shock, large accelerations appear at different points on the dummy.



The preprocessing stage of the FE model was performed using Hypermesh and the post processing was performed with Hyperview. Both of these software programs were included in the ALTAIR Hyperworks package. The running crash impact simulation of the kart was performed using the RADIOSS solver, which can be considered as an analysis solution to evaluate and optimize product performance for highly nonlinear problems under dynamic loadings.



Moreover, it is known that RADIOSS is a solver solution especially dedicated for different applications, such as crash and safety, shock and impact analyses, drop tests, blast and explosion effects and high-velocity impacts.



To have information about dummy behavior after a frontal impact, three virtual accelerometers were considered on the dummy in the next location (the head, thorax and pelvis).



The impact velocity of a kart structure with a rigid wall was 7 m/s (25.2 kph). According to the rules of the Formula Student competition, the impact velocity request for virtual and real testing is 7 m/s (25.2 km/h) and in our analysis this velocity was increased in order to consider this as a risk factor.




4. Results


Figure 6 depicts the model of the race car with the “frontal impact dummy” of the Hybrid III 50th Male FE type (see Figure 3 and [65]).



The behavior of the system, at different moment in time, are presented in Figure 7.



Figure 8 presents the forces in the thorax and pelvis belts when they are used with an attenuator with a width of 2 mm. Figure 9 presents the forces in the thorax and pelvis belts when they are used with an attenuator with a width of 3.5 mm. The width refers to the width of the metallic material used for the impact attenuator.



Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16 depict front views of the dummy, the belt and the distribution of stress on the belt (in every figure the maximum stress in MPa is presented in the rectangle). The maximum value of stress is mentioned in every figure.



After analyzing Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16, we found that in some areas of the seat belt, the stress was higher than the admissible stress, but only in the final part of the period of time in which the event occurs and only for a very short interval. Our study did not consider the effects of airbags nor all the phenomena occurring before the moment of the airbag action. Figure 17, Figure 18 and Figure 19 present the decelerations that were determined using a virtual accelerometer placed on the dummy’s pelvis, thorax and head.



The behavior of the vehicle and its alignment to the acceptance criteria, according to the Formula Student Rules T3.19.1/2022 Version: 0.9, was studied. The model of the car is presented in Figure 20.



The obtained peak deceleration was 40 g and the average deceleration was 20 g, which respects the aforementioned criteria (Figure 21). Figure 22 presents the deformed impact attenuator at different points in time. Figure 23 depicts the second-order accelerations.




5. Discussion and Conclusions


The paper aims to determine the behavior of a passenger who is tied with a seat belt in a vehicle that is equipped with a shock absorber in the front. Furthermore, the forces appearing in the seat belt and the impact attenuator are also presented. Modeling with FEM was used in order to determine the loads to which the passenger was subjected. Determination of the forces that appeared during the shock was performed using the Gibbs–Appell method. The use of a 3.5 mm attenuator proves to be better from the passenger’s point of view. The maximum force in the belt and, therefore, the demands on the passenger’s body were lower than when a 2 mm attenuator was used. Moreover, for the 2 mm attenuator, there were two moments in which the stress in the tension strap was very high, so the effect on the passenger’s body was worse. The aim of this paper was not to determine the biological effects of accelerations and second-order accelerations on the human body during a frontal collision, but the values obtained can be used by researchers in the field. The severity of injury can be estimated based on the clearance or interference between dummy and the parts with which it came into contact with after the impact. For the example presented in the paper (of a dummy in a race car), the results show that the criteria for Formula Student Rules are respected.



The results obtained in the paper open a wide research horizon since the behavior of the driver or passenger is determined by many factors and current descriptions in the literature are still insufficient. These results may be useful for designers to see if the system can ensure minimum safety in a race. The modeling of a real racing car that is used in competitions by university students was used in the paper to obtain valuable information. We signal that numerous problems remain open for further study, such as the study of a belt fixed at four points or the study of the biological effects of the accelerations sustained by the driver or passenger.



The problem studied in the work requires future development and is imposed by the complexity of the problem addressed, which involves several fields of interest. In addition to the very complex and elaborate mechanical modeling, studies that investigate the biological behavior of the dummy used for modeling are needed.
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Figure 1. The car with a shock absorber and a seat belt. Aerial view. 
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Figure 2. The car with a shock absorber and a seat belt. Side and front view. 
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Figure 3. The dummy and the seat belt system (side and front view—Hybrid III 50th Male FE). 
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Figure 4. The shock absorber system. 






Figure 4. The shock absorber system.
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Figure 5. Frontal collision of the car with a wall and the position of accelerometers (1—Head, 2—Thorax and 3—Pelvis). 
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Figure 6. The initial reference position. 
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Figure 7. Position after: (a) T = 0.025 s; (b) T = 0.050 s; (c) T = 0.075 s; (d) T = 0.10 s. The dimensions are in mm. 
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Figure 8. The forces in the thorax and pelvis belts. The shock absorber had a thickness of 2 mm. 
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Figure 9. The forces in the thorax and pelvis belts. The shock absorber had a thickness of 3.5 mm. 
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Figure 10. Stress in the belt when T = 0.015 s (in MPa). 
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Figure 11. Stress in the belt when T = 0.020 s (in MPa). 
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Figure 12. Stress in the belt when T = 0.025 s (in MPa). 
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Figure 13. Stress in the belt when T = 0.030 s (in MPa). 
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Figure 14. Stress in the belt when T = 0.035 s (in MPa). 






Figure 14. Stress in the belt when T = 0.035 s (in MPa).



[image: Mathematics 10 03593 g014]







[image: Mathematics 10 03593 g015 550] 





Figure 15. Stress in the belt when T = 0.050 s (in MPa). 
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Figure 16. Stress in the belt when T = 0.055 s (in MPa). 
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Figure 17. Acceleration registered by a virtual accelerometer in the pelvis, v = 13 m/s. 






Figure 17. Acceleration registered by a virtual accelerometer in the pelvis, v = 13 m/s.



[image: Mathematics 10 03593 g017]







[image: Mathematics 10 03593 g018 550] 





Figure 18. Acceleration registered by a virtual accelerometer in the thorax, v = 13 m/s. 
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Figure 19. Acceleration registered by a virtual accelerometer in the head, v = 13 m/s. 
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Figure 20. The wall is the reference in the presentation. 
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Figure 21. Deceleration of the vehicle at a shock of 7 m/s. 
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Figure 22. Different positions of the deformed impact attenuator at the following times: 0.1 s; 0.2 s; 0.3 s; 0.4 s; 0.5 s. 
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Figure 23. Second-order accelerations. 
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