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			Abstract

			To investigate the head injury in different Restraint system, a validated six-year-old child occupant finite element models with accurate anatomical characteristics was used to load ECE R44 testing conditions. The protective effects of the 6-year-old rear seat occupant on forward-facing child seat restraint system and booster was discussed in different collision speeds through the resultant head acceleration, pressure, brain tissue Von Mises stress, brain tissue shear stress. The results indicate that: When the collision speed is low, there is little difference of the child finite element model’s injury criterions in the two restraint systems, while the protective effect of child seat restraint system to the children is better than booster with the increase of the collision speed.
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			Introduction

			According to the data from the National Highway Traffic Safety Administration (NHTSA), traffic accidents are the leading cause of death for children ages 1 to 13 years, more than 225,000 children are injured in traffic accidents each year, of which 25,500 are severely injured, and the head is the most vulnerable part [1]. In 2015, children under the age of 13 who died in car accidents accounted for 35% of all deaths, and most of them did not properly use child seats, boosters or seat belts, and 248 children less than 5 years old were rescued by using car safety seats. Since the 1950s and 1960s, developed countries such as Europe and the United States have begun to study the safety of children riding, and have established and implemented a complete legal system of child restraint system, such as ECE R44, CMVSS 208 and FMVSS 213. Compared with developed countries, the related laws and regulations for the protection of children occupants in China started relatively late. The first compulsory national standard on children’s safety riding The Restraint System for Motor Vehicle Children’s Occupants was established in 2003 and formally issued on July 1, 2012.

			Although the popularity and usage of child restraint systems have increased dramatically over the past few years, many parents have not chosen age-appropriate restraint systems for 

their children. Because of the height and weight of children, adult 3-point seat belts cannot restrain children effectively, while car seats and boosters can provide good protection for children in traffic accidents. 

			Data from the European studies indicate that different types of child restraint systems have different levels of protection [2]. According to the recommendations of Durbin [3], children aged 1 to 6 can be restrained in forward-facing child seat restraints, and children aged 4 to 11 should use a booster to match adult 3-point seat belts. An analysis report of Volvo crash database in Sweden shows that rear-facing child restraints can provide maximum protection for children and reduce the risk of serious injury as high as 80%-90%, forward-facing child restraints can reduce about 70%, Compared with adult 3-point seat belts alone, elevated booster may also reduce the likelihood of injury in children, but it protection level is lower than other special child restraint systems [4]. This also illustrates the importance of proper selection and use of restraint systems to protect children occupants. 

			Tanya, et al. [5] analyzed the finite element model and Hybrid 3-year-old dummy’s acceleration of head and chest, as well as the force and moment of neck under the same simulation conditions; they found that the maximum percentage error between experimental peak values and numerical predictions was determined to be no greater than 15% [6]. placed a Hybrid Ⅲ 6-year-old dummy in a high back belt-positioning booster (with backrest), a backless belt-positioning booster (without backrest) and a lap shoulder seat belt respectively, compared and analyzed the protective effects of three different restraint systems on the 6-year-old child occupant in the rear seat at speeds of 24 km/h, 40 km/h and 56 km/h. The results show that when the speed is 24 km/h and 40 km/h, the injury value of Hybrid Ⅲ child dummy in all the restraint systems has no obvious difference. The variation of performance was observed for the 56km/h, where the 6-year-old dummy in the high back belt-positioning booster performed worse than the other restraint types. Lexvan, et al. [7] constrain a 6-year-old multi-rigid model on booster used MADYMO, studied the effect of seat belt slack on restraint system and the protective effect of pretension and force limiting belt on child occupant according to FMVSS 213 [8]. used Q3/Q3s and Hybrid Ⅲ 3-year-old child dummy to simulate the effect of CRS misuse on head and neck injury of 3-year-old child occupants in frontal and side impact crashes.

			However, Hybrid Ⅲ child dummy and multi-rigid model are mostly used in the study, and only some of dynamic parameters such as acceleration, force and moment can be obtained. In this paper, a high biofidelity finite element model of 6-year-old children occupant developed with accurate Anatomical Characteristics is used to assess the head injury from the specific injury location and severity children according to the distribution of stress and strain. The results will help us compare and analyze the protective effect of forward-facing child seats and boosters for rear seat occupant of 6-year-old children in frontal impact crashes. 

			Simulation Model

			[image: ]

			The finite element model of six-year-old child occupant (sitting posture) with accurate anatomical characteristics was developed and validated in previous research based on the real CT data, and the geometric model is meshed in Truegrid and Hypermesh. This model is joined by a total of 751,150 nodes and 737,729 elements, including 540,508 solid elements and 197,221 shell elements, and the total mass is 23.90 kg. As shown in Figure 1, the 6-year-old child finite element model was restrained on the booster and the forward-facing child seat respectively, and the lap shoulder belt is used for restraint in the booster model and 5-point safety belt is used for restraint in the forward-facing child seat model. The simulations scheme is shown in Table 1. The numerical simulations were completed using Pam-Crash, the gravity acceleration field of 9.8m/s2 and the deceleration curve were applied to the simulation model according to ECE R44 regulations.

			Table 1: simulation schemes matrix.
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							Scheme 1

						
							
							Booster
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							Scheme 2

						
							
							Forward-facing 
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							Scheme 3

						
							
							Booster
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							Forward-facing 
child seat
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							Scheme 5

						
							
							Booster
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							Forward-facing 
child seat
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			Results

			Head acceleration
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			Table 2: Maximum values of resultant head acceleration and its discrepancy extent of two restrain systems.
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							538.98
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			Note: The discrepancy extent is the percentage increase of the booster relative to the forward-facing child seat.

			The curves of head acceleration versus time using two restraint systems under different simulation speeds (Figure 2). In the simulation by 30km/h, the first wave peak, also known as the maximum, appears at the same time (64ms) in both of restraint systems. When the collision speed was 50km/h, the maximum values of the resultant head acceleration of the forward-facing child seat and booster were observed to be 515.51 m/s2 and 538.98 m/s2, and these peak values occurred at 80ms and 94ms. When the collision speed was 80km/h, the maximum values of the resultant head acceleration of the forward-facing child seat and booster were observed to be 568.93 m/s2 and 676.50 m/s2, and these peak values occurred at 80ms and 96ms, respectively. Table 2 illustrates the maximum values of resultant head acceleration and its discrepancy extent of two restraint systems. 

			Brain von mises stress
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			The maximum Von Mises stress contours of brain tissue (as shown in Figure 3) appeared in the corpus callosum, and stress concentration also occurred in soft tissue around the corpus callosum and bottom of brain tissue when the collision speed was 30km/h and 50km/h used both of restraint system. When the collision speed was 80km/h, the maximum Von Mises stress in the forward-facing child seat was still presented in the corpus callosum, while in the booster it was appeared in the bottom of the brain tissue. Table 3 illustrates the maximum values of brain Von Mises stress and its discrepancy extent of two restraint systems. As can be seen from the table, the maximum Von Mises stress in the brain tissue of the forward-facing child seat was less than that of the booster at the same speed, and the discrepancy extent of two restrain systems was increases with the increase of speed.

			Table 3: Maximum values of brain Von Mises stress and its discrepancy extent of two restrain systems.
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							forward-facing child seat

						
							
							booster
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							4.17

						
							
							9.78
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			Intracranial pressure

			The maximum intracranial pressure of both restraint systems occurred in the corpus callosum, as shown in Figure 4, and there is a gradient change of intracranial pressure from the forehead to the occipital region. Table 4 illustrates the maximum intracranial pressure and its discrepancy extent of two restraint systems. With the increase of collision speed, the intracranial pressure in both of restraint systems also increase gradually, but at the same speed, the intracranial pressure in the forward-facing child seat restraint system was smaller than that of the booster restraint system.
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			Table 4: Maximum values of intracranial pressure and its discrepancy extent of two restrain systems.
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							forward-facing child seat
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							75.57
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							80.49
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							82
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			Brain shear stress
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			The maximum shear stress contours of brain tissue were mainly concentrated in the corpus callosum, soft tissue around the corpus callosum and the bottom of the brain tissue in Figure 5. And with the collision speed increased, the maximum shear stress in both restraint systems began to converge toward the cerebral white matter region above the corpus callosum and bottom of brain tissue. The maximum brain shear stress and its discrepancy extent of two restraint systems are showed in Table 5. The maximum brain shear stress in the two restrain systems is not large when speed was 30km/h, and with the increase of collision speed, the discrepancy extent between the two restrain systems increase gradually. When the speed was 80km/h, the discrepancy extent was approximately 39.61%, and its effects can no longer be ignored.

			Table 5: Maximum values of resultant head acceleration and its discrepancy extent of two restrain systems.
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			Discussions

			Head acceleration

			It can be seen from Figure 2 (b) & (c), the moment of reaching the peak acceleration of the head was later than that of the forward-facing child seat restraint system when the booster restraint system was used. At same time, the torso was restrained by the seat belt to stop forward movement, while the head continues to move under the action of inertia force, and the child occupant finite element model reached the maximum excursion. This is because of the seating height of the 6-year-old finite element model was 670mm, it’s less than 50 percentile adult size, and the 3-point seat belt and the child finite element model do not fit very well, and there were some gaps between the two, due to the slack of seat belt, the wave crest is appears later relatively. However, when the forward-facing child seat restraint system was used, the head of the child finite element model will have a second collision with the headrest of the child seat during the rebound process, which leads to a second wave crest of the head acceleration.

			Intracranial pressure, von mises stress and shear stress of brain

			In this simulation the maximum Von Mises stress concentrated on the corpus callosum. This is consistent with Wang’s experiment that Von Mises stress in brain tissue was mainly concentrated in the corpus callosum and its surrounding soft tissues when he carried out experiments on the head drops of 6-year-old child at different heights [9]. When the collision speed was 80km/h, the maximum Von Mises stress in the booster constraint system appears at the bottom of brain tissue mainly because the rotation angle of the head during the collision was larger when the 3-point safety belt was used. With the increase of collision speed, the rotational load increases gradually, and the force exerted by the neck on the brain tissue increases, which makes the maximum Von Mises stress concentrate on the bottom of the brain tissue. However, the maximum value of the 5-point seat belt still appears in the corpus callosum due to its good restraint effect and the increase of collision speed has little effect on the rotation angle of the head.

			Analyzing the simulation animation, the head of the child finite element model did not collide with the front seat due to the restraint of seat belt, but the Figure 4 indicated that the intracranial pressure in brain tissue also presented a certain gradient change under the combined action of linear acceleration and rotational acceleration. This further confirms Zheng’s research linear acceleration and angular acceleration on the head and believed that both kinds of loads were the causes of intracranial pressure, and the influence of linear loads was greater than that of rotational loads [10].

			Rosenblum, et al. [11] emphasized that the brain regions are a neural relay stations and an important functional center. If the shear stress in these regions was too large, it may lead to brain dysfunction, and shear stress was the main cause of Diffuse Axonal Injury (DAI). Holbourn, et al. [12] believed that relative to linear acceleration, angular acceleration was the main cause of brain tissue deformation and subsequent shear stress, and the shear stress of brain tissue was directly proportional to the rotational load it bears. Li et al. [13] stressed that when the head is subjected to angular acceleration, the structure of brain tissue distorts and produces shear stress due to the start time and speed of movement of deep and shallow brain tissue and different parts are inconsistent. With the increase of collision speed, the discrepancy extent of shear stress between the two restraint systems also increases. In this simulation, when the collision speed was 80km/h, the difference is up to 39.61%. Because there was a certain relaxation of the 3-point seat belt, the higher the speed, the more obvious of relaxation effect will be. As a result, the rotation load of the head of the child finite element model in the booster restraint system was too large, and the corresponding shear stress of brain tissue was too large.

			Conclusion

			In this paper, a validated 6-year-old child occupant finite element model with accurate anatomical characteristics is used to simulate the frontal crash in traffic accident. The head injury and the protective effect of different child restraint systems were investigated on the 6-year-old occupant in rear seat. 

			An analysis of the observations acquired from the numerical simulations indicated the following:

			a.	With the increase of collision speed, the head acceleration, intracranial pressure, brain Von Mises stress, brain shear stress increases gradually.

			b.	The forward movement excursion of the child finite element model is less than that of the 3-point seat belt due to the more close-fitting constraints of the 5-point safety belt. In the limited simulation time, the head of the child finite element model in forward-facing child seat will have a second collision with the headrest of the child seat during the rebound process, but because the child’s head speed tends to ease, the secondary collision has little impact on the head injury indicators.

			c.	When the collision speed is low, the degree of difference between the two restraint systems is not large. However, as the speed increases, the degree of difference increases gradually. When the speed reaches 80km/h, such differences cannot be ignored. For children’s safety considerations, 6-year-old children may still need to use forward-facing child seats.
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Figure 2:The curves of head acceleration versus time under
different simulation conditions.
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Figure 5:The maximum brain shear stress contours under
different simulation conditions.
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Figure 4:The maximum intracranial pressure contours under
different simulation conditions.
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Figure 1:Finite element model of 6-year-old child under different
restrain systems.






OEBPS/image/94804.png
Ferved g i s

[Ry—— ) st (© vttt

Figure 3:The maximum brain Von Mises stress contours under
different simulation conditions.






