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Abstract

:

Knowing the precise material properties of intracranial head organs is crucial for studying the biomechanics of head injury. It has been shown that these biological tissues are significantly rate-dependent; hence, their material properties should be determined with respect to the range of deformation rate they experience. In this paper, a validated finite element human head model is used to investigate the biomechanics of the head in impact and blast, leading to traumatic brain injuries (TBI). We simulate the head under various directions and velocities of impacts, as well as helmeted and unhelmeted head under blast shock waves. It is demonstrated that the strain rates for the brain are in the range of 36 to 241 s−1, approximately 1.9 and 0.86 times the resulting head acceleration under impacts and blast scenarios, respectively. The skull was found to experience a rate in the range of 14 to 182 s−1, approximately 0.7 and 0.43 times the head acceleration corresponding to impact and blast cases. The results of these incident simulations indicate that the strain rates for brainstem and dura mater are respectively in the range of 15 to 338 and 8 to 149 s−1. These findings provide a good insight into characterizing the brain tissue, cranial bone, brainstem and dura mater, and also selecting material properties in advance for computational dynamical studies of the human head.
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1. Introduction


Intracranial head organs have been known to be the most sensitive organs involved in life-threatening injuries caused by impact incidents and blast waves [1,2,3]. Due to the complex mechanical and physical reactions of the head and brain under impact and explosion waves, the mechanism of traumatic brain injuries (TBI) is not well understood [4]. Finite element (FE) simulations provide a convincing framework for determining biomechanical responses of the head exposed to those high rated loads [5]. These numerical models have been introduced to predict brain deformation for different applied loads and study intracranial organ behavior under TBI conditions [6,7,8,9,10,11,12,13]. The biofidelity of such computational simulations is strictly related to the accuracy of the material properties used to model these tissues.



Mechanical properties of brain tissue are a fundamental subject of biomechanics and have been extensively studied in the last few decades [3,14,15]. It has been shown that the mechanical behavior of the brain is dominated by the loading rate and varies nonlinearly with any change in strain, as well as with its strain rate [16,17,18,19,20]. Typically, soft biological materials such as brain and brainstem present complex mechanical responses characterized by large strains, load history, and rate sensitivity [21,22,23,24,25,26]. Since brain and brainstem tissues are rate-dependent materials, great care should be taken in selecting proper material properties from corresponding strain rates in different scenarios.



Dura mater (a surrounding membrane of brain) and skull, which hold and protect the brain, have significant roles in the analysis of the TBI incidents. Therefore, determining the material properties of the dura and cranial bone was the subject of earlier research in biomechanics [27,28,29]. Both theoretical and experimental studies have shown that the dura and cranial bone present rate-dependent material properties [30,31,32,33,34]. Although linear and hyperelastic models can approximate the behavior of dura and skull very well at each rate [31,35,36], they behave differently under various speeds of loading. For instance, Persson et al. [31] tested dura mater under uniaxial tension at three various strain rates of 0.01, 0.1, and 1.0 s−1. They postulated the mechanical responses of dura is rate-dependent; however, they fitted their results to the rate-independent hyperelastic Ogden model. Additionally, experimental tensile results indicated the Young’s modulus of the cranial bone varies from 8 to 19.5 GPa for quasistatic to dynamic rates [37]. Therefore, to have a correct result at each FE simulation, the right material properties corresponding to the rate of that application should be selected.



The majority of biomechanical characterizations for human head organs have been performed within experiments in relatively low strain rates. Recently, De Kegel et al. [35] conducted some experiments for human dura specimens within a strain rate of 1.0 s−1. They have obtained a highly nonlinear behavior for dura and characterized its mechanical response using three different hyperelastic material models. Franceschini et al. [38] have experimentally studied the mechanical behavior of human brain tissue at strain rates ranging between 0.0055 and 0.0093 s−1. Although their results are valid to be employed for studies in quasistatic loading, those material properties have been used in many computational simulations of TBI at dynamic loads [39,40]. It was confirmed [16,41] that, in addition to selecting an appropriate constitutive model, using the material constants derived from a mismatched strain rate may considerably affect the validity of the results. Farid et al. [16] showed that hyper-viscoelastic material models, which are optimized for various low strain rates, will result in considerable errors when predicting brain behavior at higher strain rates. Therefore, it is crucial to know the range of strain rates at dynamic loading conditions and characterize the material properties of head organs at those rates.



Finding the ranges of strain rate for brain, brainstem, dura, and skull in TBI through simulations can help in determining and using the material properties at the right rate. The strain rates of different incidents cannot be measured in vivo, and therefore, a computational finite element analysis of the human head was conducted to predict the strain rates for loading scenarios associated with brain injury [12]. In this paper, impact and blast assault simulations are conducted on a developed FE human head model to predict the range of strain rates. In this paper, it was assumed that the brain will experience minor injuries by blunt impact [1] and an effective (mild to severe) brain injury caused by blast [42]. This approach came from the fact that impact and blast load types are inherently different and cannot be directly compared to each other. The findings provide a ground basis for determining more relevant material properties for the strain rates corresponding to impact and blast cases.




2. Material and Methods


2.1. Finite Element of Head Model


Using MRI and CT scan techniques, the geometry of the 50th percentile human head–neck model was developed by Horgan and Gilchrest [43], and the detailed explanation of this head model has been provided in earlier studies [44,45]. As shown in Figure 1, the model contains all the major parts of the head and the neck, including the brain, falx, tentorium, cerebrospinal fluid (CSF), dura mater, pia mater, neck muscle, neck bone, facial bone, skull, and scalp. In this paper, linear elastic material behavior is used for all head components (Table 1) except the brain and brainstem, which are modeled as hyper-viscoelastic (Table 2) and viscoelastic (Table 3) material [1], respectively. The Mooney–Rivlin strain energy coupled with the linear viscoelastic function was used as the constitutive relation of the brain given by Equation (1). Furthermore, the linear viscoelastic material model expressed by Equation (2) was employed to represent the shear characteristics of the brainstem. A linear material model with 10 GPa of Young’s modulus was considered for the skull. The developed head model was earlier examined and validated under different blast scenarios [42,46,47]. Additionally, Horgan and Gilchrist [43,48] verified this head model against various mostly referenced cadaveric experiments of Nahum et al. [49], Hardy et al. [50], and Trosseille et al. [51].
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2.2. Impact Case


The injury caused by a golf ball impact is one of the most leading causes of head injury in sports-related impacts [53]. The possibility of being hit by an occasional golf ball is common for both the players and the people who watch the game [54]. This case of impact was simulated to evaluate the strain rate as an example of the general blunt impact applications. The simulations of a golf ball impact were done for a ball flying at speeds of 10, 15, and 20 m/s. As suggested by Lee et al. [52], these ball speeds were selected in such a way to avoid severe brain injury. Since directionality has notable influences [11], the simulation was performed for three directions of back, frontal, and lateral impact. Figure 2 presents the impact setup for two directions of frontal and lateral. Table 4 provides the summary of the simulated impact scenarios in this study. The neck is assumed to be fixed in the translational displacements [52].




2.3. Blast Case


High strength explosion waves are a possible source of TBI. In this paper, the same head model was also being used for blast simulations. Protecting the head with a helmet can reduce the severity of brain injury, but injury can still occur when the person is exposed to blast [55]. As illustrated in Figure 3, a three-dimensional model of an advanced combat helmet (ACH) is integrated with the head–neck model. The detailed explanation of helmet and its padding system modeling and their mechanical properties can be found in earlier study conducted by Salimi Jazi et al. [55]. In this study, the blast simulation was conducted for the protected and unprotected head in two back and lateral direction. The standoff distances are set to be one and two meters from the explosion site. In LS-Dyna (LS-Dyna Theory Manual, 2007), the standard trinitrotoluols (TNT) is selected as the high explosive (HE) material. Because of a very short effective time on the blast (less than 1 ms), a free boundary condition was applied to the end of neck. Rezaei et al. [56] have shown the blast waves of 95 g HE placed 750 mm far from the human head can cause a severe and fatal brain injury. In addition to this case (95 gr TNT), which is referred to as “heavy blast” in this paper, eight other blast scenarios with 75 gr of HE mass were chosen and are listed in Table 5.



Upon a burst in the air, a shock wave is generated moving away from the center of detonation mass. In this study, the multimaterial arbitrary Lagrangian–Eulerian (ALE) formulation method was used for simulating the blast scenarios in LS-Dyna. This method is established on explicit modelling of the air and exploding mass with multimaterial ALE equation for simulating the blast wave propagation. It solves the movement of the mesh using mesh smoothing algorithms [42]. To determine the behavior of the explosive gas, the equation of state (EOS) must be defined. This equation of state (EOS) explains pressure–volume–energy relationships of the gaseous form of detonation. The EOS regarding blast pressure wave generated by HE detonation can be expressed using the Jones–Wilkins–Lee (JWL) equation as [45]:
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where ω, A, B, R1, and R2 are constants that are defined by the user, E is the internal energy per initial volume, and V is the relative volume. The numerical data for these parameters are derived from the explosive handbook by Dobratz [57]. The discretized blast domain depicted in Figure 3 shows the location and direction of HE material. To model the blast wave–head interaction, a penalty-based fluid–structure interaction (FSI) algorithm was also used. FSI was employed through a coupling algorithm modeling the air as a moving fluid along with a moving mesh. For a more detailed explanation of blast modeling procedures, the readers are referred to earlier studies of Salimi Jazi et al. [55] and Rezaei et al. [42].





3. Results


FE simulations of the head impacted by a golf ball are performed for different impact directions and ball speeds as stated in Table 4. Moreover, the mentioned blast scenarios presented in Table 5 were implemented in the head model. In this study, the resultant linear acceleration of the skull was assumed to be the same as human head acceleration [58]. Therefore, this acceleration for three cases of impact and four scenarios of the blast are measured and shown in Figure 4a,b. Instead of measuring the acceleration at one point or element, the whole skull geometry is considered as one body, and the averaged acceleration of this part was evaluated by LS-Dyna.



Figure 5 presents the blast wave propagation and intracranial pressure (ICP) distribution in the brain which is necessary to predict brain behavior during the blast. As can be seen, for this case (backward heavy blast), the ICP in brain exceeds 300 kPa, and therefore, a severe TBI should be expected [1]. Furthermore, in comparison to Rezaei et al.’s study [56], it proves that the selection of HE masses and its distance from the head was adequate to create such a condition.



The strain rate distributions for all elements in the brain, brainstem, skull, and dura were examined. Similar to other mechanical parameters, such as ICP, strain or stress, the strain rate has a non-uniform distribution. For instance, in the brain, the maximum strain rate occurs only in a relatively small zone (some elements) which takes place in different locations for each case, and the rest of the brain observes a moderate regime of rates. Figure 6a,b illustrates the history of 1st principal strain rate in three different locations of the brain for the head impacted by a golf ball. For the case where the ball hit the front of the head with 15 m/s of speed, the maximum strain rate does not happen in coup nor contrecoup. However, it was found that for lateral impacts, the highest rate happens at the coup zone. This shows the location of the maximum rate can occur in every area of the brain and varies for several impact scenarios. Similarly, Figure 6c,d depicts the brain strain rates by the same measure (1st principal) for the protected and unprotected heads under heavy blast conditions. As shown in Figure 6c,d, for the heavy-blast scenario, the highest estimated strain rates of the protected and unprotected head are close to each other, although due to inherent high nonlinearity of blast analysis, it is difficult to find a rational explanation for this, and it seems the helmet in this scenario has a minor effect on the strain-rate measure. One probable reason for this can be the severe explosion happening in a very short distance from the head, which leads to the helmet not being effective in serving as a deep protective tool here. For blunt impact cases, the elements of the skull, which are located at the impact side, are observed to have the highest strain rates. Additionally, for all blast simulations (lateral and backside), the maximum rates occur at the temporal bone, which has the lowest cranial thickness.



In this study, the maximum shear strain rate was determined for brainstem since it has been shown to be the dominant cause of injury at brainstem occurring due to shear strain [55]. Figure 7a–d demonstrates the histories of the strain rate at regions with highest values of rate in brain, brainstem, skull, and dura under three directions of impact. In addition, the computed strain rates at points with maximum rates in these head parts under four scenarios of blast are plotted and shown in Figure 8a–d. Finally, the maximum linear acceleration of the head and highest calculated strain rate in the brain, brainstem, skull, and dura for all impact and blast cases are demonstrated in Table 6 and Table 7, respectively. Since the values of the acceleration in all impact scenarios are less than 90 g [1], the damage level can be considered minor or close to the mild TBI. Head accelerations in some blast cases exceed 90 g, so severe brain injuries are expected under those circumstances.




4. Discussion


Evaluating mechanical properties of the human head organs is fundamental in understanding intracranial brain deformation under different loading conditions. It is known that the brain has a rate-dependent behavior and gets stiffer by increasing the loading rate [16,59]. That is why, in literature, it is common to conduct in vitro tests with certain strain rates to capture the wider properties of the brain [18,19,60]. Similar approaches have been applied to identify the material parameters of brainstem, dura, and other rate-dependent biological tissue [31,61]. Cranial bone was found to behave differently at various rates [30]. It was reported that the bone tissue for the skull at high rates (150 s−1) can become up to 200% stiffer as skull in quasistatic rates [37]. Therefore, to simulate these rate-dependent materials in dynamical studies such as TBI cases, the validated properties over the desired range of strain rates must be employed. In this regard, the findings of this paper propose a measure for the range of the rates needed for conducting the in vitro test and also selecting material properties from the right strain rates.



The time duration of a general head impacts is in the order of milliseconds, while in the case of a high-speed load such as a blast wave less than one millisecond. Regardless of the strain value, it was found that brain injury caused by impact happens with a brain strain rate of 23 to 140 s−1 with an average of 84 s−1 [62,63]. Using a validated FE head model is a very feasible approach for determining the strain rates of the brain and skull under loading. Clinical studies of reconstructed head impact simulations which led to mild TBI for 58 football players proposed a range of 35–97 s−1 for the brain strain rate [64]. Viano et al. [5] analyzed 28 cases of NFL impacts involving 22 concussions by FEM, and they found the brain strain rates for those incidents were in the range of 19–162 s−1. To the best of the authors’ knowledge, there is no reported study in the literature pointing out the range of the strain rate from experimental measurement of an in vivo or cadaver test.



In this paper, some impact and blast scenarios were modeled on a validated head model. Results (Table 6 and Table 7) showed that under these dynamic loads, the response of brain and brainstem were in the range of 36 to 241 and 15 to 412 s−1, respectively. Meanwhile, the estimated strain rates of the dura and skull during such impact and blast loads were respectively in the range of 8 to 149 and 14 to 182 s−1. Significant correlations of strain rates with linear head acceleration for brain, brainstem, dura, and skull were found and are presented in Figure 9a–d. These linear regressions were independent of the effects of direction and speed of impactor, as well as the HE mass, distance, direction, and head condition (protection) under blast [65]. The proposed strain rates of brain, brainstem, dura, and skull are, respectively, 1.9 (R = 0.8, p < 0.01), 0.7 (R = 0.9, p < 0.01), 1.18 (R = 0.9, p < 0.001) and 0.7 (R = 0.6, p < 0.01) times of resulting head acceleration by impact. In addition, under blast incidents, the brain, brainstem, dura, and skull behaved with a strain rate of 0.86 (R = 0.96, p < 0.001), 1.25 (R = 0.9, p < 0.001), 0.52 (R = 0.95, p < 0.001) and 0.43 (R = 0.9, p < 0.001) times of acceleration, respectively. Figure 9 shows that for the equivalent linear acceleration of head, the strain rates induced by impact for the brain, dura, and skull are higher in comparison to the blast one.



As the first limitation of this study, the result was not based on a general impact or blast conditions. Numerous cases of other simulations for various scenarios of blunt impact and blast are required instead of the chosen limited representative cases. Therefore, it should be mentioned that the estimated range of rates in this study is more expected for a blunt impact causing mild TBI, and blast cases generating concussion or brain injury [1,63]. In this research, we did not study the effect of element size on the strain rate. We have used a validated head model that has been used in many computational studies of human head under similar dynamical loads. Therefore, we did not change the mesh size, and of course, once we had changed the element sizes, we needed to validate the new head model again. As another limitation, the FE simulations were done with one set of material properties, and we used a simple elastic material model for the cranial bone and dura mater. The most accurate material properties for this kind of simulation would be the nonhomogeneous anisotropic visco-hyperelastic materials. However, first, we could not find these properties for human head tissues in the current literature, and second, our head model was not developed for utilizing such material models. Among material properties available in the literature, those which were determined at the highest dynamic rates were selected. However, the findings of this study still suggest that there is a necessity to characterize those material properties at even higher ranges. Thus, the results of this paper can be considered as the first step in having the true estimation of selecting the right material properties in dynamical simulations.




5. Conclusions


Cranial bone, and particularly brain, brainstem, and dura are highly rate-dependent materials and will behave differently in various strain rates. In order to study the biomechanics of traumatic brain injury (TBI) through FE methods, it is necessary to implement correct properties associated with anticipated application rates. However, to calculate the material properties of the brain, brainstem, dura, and skull related to TBI cases, we need to know for which range of strain rates they are required to be examined. In this study, FE simulation was performed to estimate the strain rate ranges in impact and blast. It was found that the brain and skull experience strain rates in the range of 36 to 241 and 14 to 182 s−1 for impact and blast incidents, respectively. Additionally, in such dynamical simulations, the brainstem and dura behave at strain rates of 15 to 412 and 8 to 149 s−1, respectively. Knowing these ranges provides a good measurement for the more accurate characterization of these materials. Additionally, representing the rates based on head acceleration helps to get a better idea of selecting material properties in advance. It was shown in the impact incidents that the strain rates of the brain, brainstem, dura, and skull were approximately 1.9, 0.7, 1.18, and 0.7 times the resulting head acceleration. Furthermore, under blast loadings, the strain rates for those head organs were around 0.86, 1.25, 0.52, and 0.43 times head acceleration.
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Figure 1. The finite element (FE) head model used in this study includes the main components of the human head [44]. 
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Figure 2. Setup of frontal and lateral impact by golf ball in the FE head model. 
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Figure 3. The position of the detonation at side and back of the protected head model. 
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Figure 4. Resultant linear acceleration for the head skull (head) at: (a) impact in three directions, and (b) four cases of blast. 
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Figure 5. Intracranial pressure (ICP) (kPa) contours in the brain for the protected head in heavy blast for whole brain and also cross-sectional view. 
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Figure 6. Histories of strain rate at three different regions of the brain under: (a) frontal and (b) lateral impact by golf ball, and heavy blast scenarios for (c) protected and (d) unprotected head. 
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Figure 7. History of highest calculated strain rate under three blunt impact cases for: (a) brain, (b) brainstem, (c) dura, and (d) skull. 
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Figure 8. History of highest calculated strain rate during four blast scenarios for: (a) brain, (b) brainstem, (c) dura, and (d) skull. 
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Figure 9. Linear regression of highest evaluated strain rate versus maximum acceleration of head under impact and blast cases for: (a) brain, (b) brainstem, (c) dura, and (d) skull. 
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Table 1. Head model component properties and mechanical properties [1,52].
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Segment Name

	
Constitutive Model

	
FE Model

	
Density (kg/m3)

	
Poisson’s Ratio

	
Young’s Modulus (MPa)






	
Tentorium

	
Linear Elastic

	
Shell Element

	
1133

	
0.45

	
31.5




	
Dura Mater

	
Linear Elastic

	
Shell Element

	
1133

	
0.45

	
31.5




	
Pia Mater

	
Linear Elastic

	
Shell Element

	
1130

	
0.45

	
11.5




	
Falx

	
Linear Elastic

	
Shell Element

	
1133

	
0.45

	
31.5




	
Skull

	
Linear Elastic

	
Solid Element

	
1300

	
0.24

	
10000




	
Neck-Bone

	
Linear Elastic

	
Solid Element

	
1300

	
0.24

	
10000




	
Neck-Flesh

	
Linear Elastic

	
Solid Element

	
1130

	
0.45

	
0.1




	
Face-Bone

	
Linear Elastic

	
Solid Element

	
2100

	
0.42

	
5540




	
Face-Skin

	
Linear Elastic

	
Solid Element

	
1200

	
0.42

	
16.7




	
Scalp

	
Linear Elastic

	
Solid Element

	
1200

	
0.42

	
16.7




	
Golf Ball

	
Linear Elastic

	
Solid Element

	
1100

	
0.49

	
300




	
CSF

	
Linear Elastic (Fluid Opt.)

	
Solid Element

	
1040

	
Poisson’s Ratio

	
Bulk Modulus

	
Viscosity Coefficient




	
0.49

	
2190

	
0.2
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Table 2. Mooney–Rivlin hyper-viscoelastic constants of the brain used in FE modeling [1].
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	Density (kg/m3)
	      C   10     ( Pa )    
	      C   01     ( Pa )    
	      g  1    ( Pa )    
	      g  2    ( Pa )    
	β1 (s−1)
	β2 (s−1)





	1040
	31
	35
	407
	233
	125
	6.7
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Table 3. Viscoelastic material parameters of the brainstem used in FE modeling [1].
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	Density (kg/m3)
	Bulk Modulus (GPa)
	      G  0    ( kPa )    
	      G  ∞    ( kPa )    
	β (s−1)





	1060
	2.19
	22.5
	4.5
	80
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Table 4. The summary of impact cases by golf ball applied in FE modeling for estimating the ranges of strain rates.
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	Case Code
	Impactor
	Speed (m/s)
	Direction





	Impact# 1
	Golf ball
	10
	Lateral



	Impact# 2
	Golf ball
	15
	Lateral



	Impact# 3
	Golf ball
	20
	Lateral



	Impact# 4
	Golf ball
	10
	Back



	Impact# 5
	Golf ball
	15
	Back



	Impact# 6
	Golf ball
	20
	Back



	Impact# 7
	Golf ball
	10
	Frontal



	Impact# 8
	Golf ball
	15
	Frontal



	Impact# 9
	Golf ball
	20
	Frontal










[image: Table] 





Table 5. The summary of blast scenarios implemented in FE simulations to predict the ranges of strain rate associated to traumatic brain injuries (TBI).
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	Case Code
	Head Condition
	Explosive Mass (gr)
	Distance (m)
	Direction





	Blast# 1
	Protected
	75
	1
	Back



	Blast# 2
	Protected
	75
	2
	Back



	Blast# 3
	Protected
	75
	1
	Lateral



	Blast# 4
	Protected
	75
	2
	Lateral



	Blast# 5
	Protected
	95
	0.75
	Back



	Blast# 6
	Unprotected
	75
	1
	Back



	Blast# 7
	Unprotected
	75
	2
	Back



	Blast# 8
	Unprotected
	75
	1
	Lateral



	Blast# 9
	Unprotected
	75
	2
	Lateral



	Blast# 10
	Unprotected
	95
	0.75
	Back
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Table 6. The estimated maximum linear acceleration of skull, and strain rate of the brain, brainstem, skull, and dura at different impact scenarios.
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	Case Code
	Max. Skull Acceleration (g)
	Max. Strain Rate in Brain (s−1)
	Max. Strain Rate in Brainstem (s−1)
	Max. Strain Rate in Dura (s−1)
	Max. Strain Rate in Skull (s−1)





	Impact# 1
	33
	85
	24
	49
	35



	Impact# 2
	47
	105
	35
	68
	45



	Impact# 3
	82
	180
	68
	103
	48



	Impact# 4
	23
	42
	21
	38
	22



	Impact# 5
	61
	67
	43
	62
	37



	Impact# 6
	68
	132
	60
	75
	61



	Impact# 7
	34
	56
	15
	43
	16



	Impact# 8
	52
	81
	24
	54
	31



	Impact# 9
	70
	142
	35
	76
	42
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Table 7. The predicted maximum linear acceleration of skull, and strain rate of the brain, brainstem, skull, and dura at different blast scenarios.
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	Case Code
	Max. Skull Acceleration (g)
	Max. Strain Rate in Brain (s−1)
	Max. Strain Rate in Brainstem (s−1)
	Max. Strain Rate in Dura (s−1)
	Max. Strain Rate in Skull (s−1)





	Blast# 1
	93
	100
	165
	39
	55



	Blast# 2
	30
	40
	70
	8
	14



	Blast# 3
	140
	120
	228
	55
	51



	Blast# 4
	41
	36
	71
	13
	26



	Blast# 5
	226
	205
	338
	144
	122



	Blast# 6
	180
	115
	214
	62
	64



	Blast# 7
	38
	48
	62
	15
	20



	Blast# 8
	205
	180
	151
	122
	66



	Blast# 9
	63
	73
	47
	32
	28



	Blast# 10
	432
	241
	412
	149
	182
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media/file13.jpg
2

Strain Rate(s™")

Strain Rate(s™!)
N

Brain@ Impact

Back Impact 20mis.
—Front Impact 15ms|

ide Impact 15mis.

Time (ms)
Dura@ Impact

=

Brainstem@ Impact

=~ Back Impact 20m/s
—Front Impact 15mis

60

B
]
&
H

Time (ms)
d) Skull@ Impact

Back Impact 20mis.
—Front Impact 15ms|
Side Impact 15mis

== Back Impact 20mis |
—Front Impact 15mis
ide Impact 15mis

Strain Rate(s™)

5 10 15
Time (ms)

0 5 10 15
Time (ms)





media/file4.png
BaHspéed
10, 15, 20
m/sec

oo

Frontal Impact

b)

Ball speed
10, 15, 20
m/sec

(o






nav.xhtml


  mca-25-00021


  
    		
      mca-25-00021
    


  




  





media/file18.png
d ) Strain rate of bram vs. head acceleration (@ b) Strain rate of bramstem vs. head acceleration @)
250 Impact & Blast 400 Impact & Blast
y = 0.86x 350 OBrainstem Impact U Brainstem-Blast a
= 200 R=096,P<0.001 _Y @ y =1.25x
= y=1.90x o _B- = 300 R=0.9,P<0.001 __
8150 R08,P<001 . - 2950 -
© P - - & (W) g .D'
-
? o Ll = = . e
% 100 o o D’,a g 150 -7 0
e "
§ 5 R _ _ & 100 -
Q 1:’?1( e O Brain Impact O Brain-Blast 50 OF. ':BQ' & y=0.70x
@5 ™Y R=09,P<0.01
0 0
0 50 100 150 200 250 0 50 100 150 200 250
Max Linear Acceleration (g) Max Linear Acceleration (g)
C) Strain rate of dura vs. head acceleration @ d ) Strain rate of skull vs. head acceleration @
Impact & Blast Impact & Blast
160 553 140
y= X O —
~ 140 _ ~120 y =0.43x 0
= 120 =1.18x e S 10 R=0.9, P<0.001
% 100 R:09, P<0.001 o ”’o’ % y=0-70x "a'
- * - - 80 L g
o 80 b "¢' & R=0.6, P<0.01 o=
@ Q R -7 B 60 o) PPt o O
& 60 2 Q - O - . G ““ 0
7] e ” 0 wn Q .~ Q -
2l - 40 B0 L
§ 40 Q. er” © & O .-5Q--"
=20 g © Dura-Impact () Dura-Blast 220 QuE- o Skull-Impact - Skull-Blast
0 ! 0
0 50 100 150 200 250 0 50 100 150 200 250

Max Linear Acceleration (g) Max Linear Acceleration (g)





media/file16.png
Q)
e

Strain Rate(s'1)

Strain Rate(s'1)

150 Brain@ Blast b) 250 Brainstem@ Blast
== Blast 1 m Back @ Protected Head == Blast 1 m Back @ Protected Head
—=Blast 2 m Back @ Protected Head 300+ —=Blast 2 m Back @ Protected Head |
—Blast 1 m Side @ Protected Head —Blast 1 m Side @ Protected Head
100 —--Blast 2 m Side @ Protected Head || <~ 250+ —--Blast 2 m Side @ Protected Head |-
] | &
( i £200]
] ] .l m
8 1
1 N €150 -
l l|', ‘ [ .E
- U
>0 S\ A %100
. ™
i ; 5 50
] \. N
~ ¥ A
0 ¥ . i 7 ¥\I : \ Y 4;s |‘ );.i}v 0
0 2 4 6 8 10 0
Time (ms) Time (ms)
Dura Blast SkuII Blast
C) g | @ d) & | @
—= Blast 1 m Back @ Protected Head —= Blast 1 m Back @ Protected Head
== Blast 2 m Back @ Protected Head == Blast 2 m Back @ Protected Head
I —Blast 1 m Side @ Protected Head | i —Blast 1 m Side @ Protected Head | |
60 —--Blast 2 m Side @ Protected Head < 60 —=--Blast 2 m Side @ Protected Head
Z
2
40 1 o 40 ¢
c
'©
=
20t D20+
0 0 . Vel . e
0 0 2 4 6 8 10

Time (ms) Time (ms)





media/file2.png
Dura Mater

Scalp

Falx

Facial Skin

Facial Bone |
Neck '

Tentorium





media/file5.jpg
Head model

(ALE media around the model)





media/file3.jpg
a) Frontal Impact b) Lateral Impact
Ball d
Ball speed 12 igego
10, 15,20 % r;1/se’c

m/sec

&£ =





media/file1.jpg
Skull CSF

Dura Mater @ ’
Pia Mater

Scalp
Facial Skin '

Facial Bone !
Neck '

Tentorium





media/file7.jpg
Linear Acceleration @ Skull; mpact

== Back Impact 20mis
— Front mpact 15mis.
Sid Impact 16ms.

Time (ms)

Linear Acceleration @ Skull Blast

Blast 1 m Back @ Protected Hoad
Blast 2 m Back @ Protected Hoad
—Blast 1 m Sido @ Protocted Head

~Blast 2m Side @ Protected Head

Time (ms)





media/file10.png
00
N

232

ICP (kPa)
ICP (kPa)

ICP (kPa)

=

o
0

| I | 3 I

' | 05.8 o -3
Time: 0.8 ms Time: 0.9 ms " Time: 0.95 ms

I ' 2

’-225
Time: 1 ms

-
(9)

320

4
_’Time: 1.25 ms

292

ICP (kPa)

ICP (kPa)

ICP (kPa)
—

-88

. Time: 1.4 ms





media/file12.png
Q)
e

Frontal Impact

=

Lateral Impact

== Frontal Impact@ Coup 120 | - = Lateral Impact@ Coup
80| [ —Frontal Impact@ Contercoup| —Lateral Impact@ Contercoup
—--Frontal Impact@ Maximum 100t ¥ —--Lateral Impact@ Frontal Lobe -
n Coup zone Contrecoup zone | I Coup zone
o w 80 ¢!l Frontal lobe-
ko) i i |
: } E 60l
a 1 [ ]
40| pAiiita e 0l
a l' ' r 5 40 ] 1 "" 1 a
¥ i) M o1V aA I a
20811 {i, | L R AT
I pinn A 20J . v .|;| LY
iy Y ; PRl A AN
0 W X LI l" \"" "‘l,‘ I“\ NN P -, 0 : “' \I J ‘\',‘ i N ‘v N \,'- oae ,‘ £3 )

15

9]
-
o
-
9]
o
)]
-
o

Time (ms)

Blast / Protected Head

Time (ms)

(@R

Blast / Unprotected Head

T

. - = Blast: Protected Head@ Coup I | |==Blast: Unprotected Head@ Coup
: —Blast: Protected Head@ Contercoup { |—Blast: Unprotected Head@ Contercoup
h —--Blast: Protected Head@ Maximum 200 | | § [—--Blast: Unprotected Head@ Maximum ||
<150 I Max Contrecoup | — ; :! 4 Max Contrecoup
o ! w150 i b
(<) [ 1
T i T i 114 Coup
000 ik = Iy i
c A c i H i
s i n EU°
Z i itp ® RHFTIRY
0| ity | e
[ I
0 I I - I I
2 < 6 8 10 0 2 < 6 8 10
Time (ms) Time (ms)





media/file9.jpg
62.

®
£
—

.5,
| ]

[V

0
Q‘, -3
Time: 0.95 ms.

' - 05,3
Time: 0.8 ms Time: 0.9 ms
'! 292

ICP (kPa)
IcP (kPa)
ICP (kPa)

S
o

~
S
&

ICP (kPa)
ICP (kPa)

Q-





media/file0.png





media/file14.png
a) 150 Brain@ Impact b)
== Back Impact 20m/s
—_ —Front Impact 15m/s||
'%100 i —=--Side Impact 15m/s | | '%
© ©
14 14
c c
® 50| o
» »
0
Time (ms)
C) 30 Dura@ Impact d)
i == Back Impact 20m/s
— E —Front Impact 15m/s —
‘" 60| —--Side Impact 15m/s || 'y,
z 4 2
& 40 @
c c
= =
» 20 »
0 [ S /. .
0 5 10 15

Time (ms)

o)
o

o
o

NN
o

N
o

o)
o

o
o

NN
o

N
o

Brainstem@ Impact

== Back Impact 20m/s
—Front Impact 15m/s
?. —--Side Impact 15m/s ||
1.
;!il
i
."|illlll
Sekdl i
" 'II"‘ L)
L Y l\ - a
"y L Y)W -
5 10 15
Time (ms)
Skull@ Impact

== Back Impact 20m/s
—Front Impact 15m/s

—--Side Impact 15m/s |

5 10
Time (ms)

15





media/file8.png
a)
30 Linear Acceleration @ Skull; Impact

=== Back Impact 20m/s

S —Front Impact 156m/s

- —=-=-Side Impact 15m/s

c 60 : P

1)

wd

o

o

Q 40

o

<

| S

o

< 20

-

Time (ms)

b)
150

Linear Acceleration (g)
(&) |
o

Llnear Acceleratlon @ Skull; Blast

100 1

[ ——

== Blast 1 m Back @ Protec ted Head
== Blast 2 m Back @ Protected Head
—Blast 1 m Side @ Protected Head
—=-=-Blast 2 m Side @ Protected Head

""" "ﬂh QUSRS AN

2 8 10

T|me (ms)





media/file11.jpg
a) Frontal Impact Lateral Impact

Lateral impact@ Coup
Lateral Impact@ Contercoup.
Lateral impact@ Front) Lobe

Coup zone,

Frontal lobe

Time (ms) Time (ms)

Blast/ Protected Head Blast/ Unprotected Head

Biast: Protected Head@ Coup. Unprotected Head Coup
Unprotected Head Contercoup

Contrecoup

Time (me) Time (me)





media/file6.png
Head model

ion position

Detonat

HETSRAEEARNEBT LE LA VL

(ALE media around the model)





media/file15.jpg
a) 450 Brain@ Blast b) 45 Brainstem@ Blast

== Biast 1 m Back @ Protectod Hoad Blast 1 m Back @ Protoctod Hoad
= Blast 2 m Back @ Protocted Hoad | 300, Hoad

st 1 m Side @ Protactod Hoad @ Protocted Head
last2 m Sido @ Protoctod Hoad @Protocted Hoad

om0
)
S1e0

]
@100
50,

Time (ms) Time (ms)

s Dura@ Bla d) 4 Skull@ Blast
=~ Blast | m Back @ Protected Head Blast 1 m Back @ Protocted Head
- Blast 2 m Back @ Protocted Hoad Blast 2m Back @ Protocted Hoad
~Blast 1 m Side @ Protected Head Blast 1 m ide @ Protoctod Head |

last 2m Side @ Protected Head Blast 2m Side @ Protected Head

Strain Rato(s™)
Strain Rate(s™)

2 a4 6 8 10
Time (ms) Time (ms)





media/file17.jpg
) Stminratcof brain s, head sccclertion @

0 mpact & st
N -0
0 i o MNP,
Fio 138
fo o o0
g~
LRI ——
.
N i Acdrion @
€ Stminratcof dura vs. head aceceration@
g & Bt
@ o
S g xS

o m wm s wm
M Liar Ao 8)

b) s ratcof brainstcm s head aceceration @

w Impact & Blast
0 i et

.
a
T
Iz s
1 [N

o % w wm aw
M Liear Accseraion (8)





