Multi-scale modeling of head kinematics and brain tissue response to blast exposure
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Abstract
Injuries resulting from blast exposure have been increasingly prevalent in recent conflicts, with a particular focus on the risk of head injury.  In the current study, a multibody model (GEBOD) was used to investigate the gross kinematics resulting from blast exposure, including longer duration events such as the fall and ground impact.  Additionally, detailed planar head models, in the sagittal and transverse planes, were used to model the primary blast wave interaction with the head, and resulting tissue response.  For severe blast load cases (scaled distance less than 2), the translational head accelerations during primary blast were found to increase as the height-of-burst (HOB) was lowered, while the HOB was found to have no effect for cases with scaled distance greater than 2.  The HOB was found to affect both the magnitude and direction of rotational accelerations, with increasing magnitudes as the HOB deviated from the height of the head.  The choice of ground contact stiffness was found to greatly affect the predicted head accelerations during ground impact.  For a medium soil ground material, the kinematics during ground impact were greater for scaled distances exceeding 1.5, below which the primary blast produced greater kinematic head response.
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1. Introduction
The rate of blast exposure and associated injuries has increased in recent decades, due to the increased use of explosives in worldwide conflicts25,34.  Specifically, blast injury to the head has been identified as a topic of particular interest13.  Concurrently, there has been a great deal of research into primary blast injury with a focus on head injury, guided by the increased exposure to blast seen in recent conflicts.   However, blast events include several aspects of loading, including interaction with the blast pressure shock wave, subsequent acceleration of the body, and eventual impact with surrounding structures, all of which are relevant to injury assessment.
Blast loading and response is inherently complex, and the resulting response can span a wide range of time scales.  Upon blast impingement, there is the initial blast wave interaction and reflection with the head, which occurs on the microsecond time scale.  Following this, there is the impingement of the remainder of the blast overpressure wave, wave transit through the tissues of the head and resulting response, which occurs on the millisecond time scale44.  Finally, there is gross motion of the body and subsequent impact with the ground, which takes place on the order of seconds, although the impact event itself is on the order of milliseconds11.  
Blast injuries can be broadly categorized into four types: primary blast injury resulting from interaction with the blast pressure wave, secondary injury from fragmentation propelled by the blast, tertiary injury from gross kinematic motion of the body and impact with surroundings, and quaternary injury from any other factors.  For the purposes of blast injury modeling, primary and tertiary effects are of interest.  Primary blast effects can be investigated by modeling the primary blast wave interaction with the human body which typically occurs over a duration of 1-5 ms11,40,44.  Tertiary blast effects (occurring over 1-5 s) have received less attention and require modeling the surrounding structures relevant to the loading scenario, such as the ground or adjacent structures, and require simulations spanning several seconds in order to capture relevant whole body motion and subsequent impact. The difference in modeling time scales between primary and tertiary loading events can create challenges for modellers, which can be addressed using multi-scale modeling approaches23.
An important consideration for tertiary blast injuries, often neglected in previous studies, is the effect of whole body kinematics on the eventual loading on the head.  When a body is accelerated by a blast event, there is bulk movement of the whole body, and the relationship between adjacent body regions can affect the motion, and ultimately the response, of any specific region including the head.  Multibody models are a numerically robust and efficient option for modeling gross motion over long durations, and have been used extensively in pedestrian automotive impact research10,41,55. However, multibody models are limited by their inability to measure tissue stresses and deformations, and so can be used in conjunction with detailed models of specific body regions, in a multi-scale modeling approach.  This methodology is applied in the current study to investigate head injury resulting from blast exposure.

1.1 Existing models
Several approaches to assess head response in blast have been pursued including physical models, computational head models, and to a lesser extent full body models.

1.1.1 Physical models
One of the earliest and most widely used physical head models is the Hybrid III headform, as a part of the Hybrid III anthropomorphic test device used in automotive occupant safety.  Although not originally developed to assess blast head injury, the Hybrid III headform and neck have been used previously to evaluate head response in free-field blast30 as well as shock tubes33,46. The Hybrid III has also been used in controlled blast experiments to test the efficacy of blast protective equipment4,35. The Hybrid III anthropomorphic test device has also been used to assess whole human body exposure and response in blast scenarios, most often in the vehicle underbody blast2.  
A more biofidelic physical headform model called MABIL, was developed specifically for primary blast17, and has been used to assess freefield blast response5.  Other physical headforms specific to blast have been developed, such as the DERAMan17, however have not been used extensively in the literature.  
Physical models can provide valuable validation data on kinematics during blast exposure, however are generally limited by their inability to measure tissue level response and injury.

1.1.2 Computational models
In contrast to physical models, computational models can resolve very detailed local tissue response, however must be validated against relevant experimental data to ensure confidence in their predictions.  Over the past several decades, there have been many finite element head models developed and used by researchers.  Automotive occupant safety research has lead to several three-dimensional head models20,26,50,56. Automotive finite element head models typically are developed to be integrated into a full body and car model, and so are limited by relatively large element sizes, whereas blast load scenarios have been shown to require small elements (on the order of 1mm) to resolve the complex wave transmissions and reflections in the tissue39,44.
Three dimensional computational head models have also been employed to specifically model blast loading and response8,15,22,36,38,52.  Current three dimensional blast head models generally suffer from two main limitations.  First, the elements are generally too coarse to ensure convergence and accurate resolution of wave phenomena.  Second, there are often gaps between adjacent tissues which can inhibit wave transmission across tissues, and create artificial internal wave reflections.  Three dimensional models with these limitations can still be used in a limited sense parametrically to compare responses, but are not representative of the physical response.  
Planar blast models, which usually comprise of a single layer of solid elements in an anatomical plane of the body, have been employed to address some of the limitations of current full three dimensional blast models6,11,31,40,44,45.  These planar models are less computationally intensive, and thus can ensure mesh convergence and continuity between tissues, however cannot account for three dimensional effects.  Two complementary planar head models, in the sagittal and transverse planes of the head, have been validated against experimental data for head accelerations and intracranial pressures in blast, and are used in this study44.
There have also been computational fluid dynamics (CFD) based models looking at blast loadings to the body42,51.  Generally, CFD approaches use non-deformable representations of the tissues, which cannot address injury directly.
In addition to detailed head models, whole body multibody models have also been used to simulate the kinematic response of the human body during blast exposures24,30,51.  Multibody models are very computationally efficient, and thus can be used to simulate long durations events, such as tertiary blast injuries.  Furthermore, the kinematics predicted by multibody models have been shown to be consistent with experimental data in blast24,30.

1.2 Assessment of head response to blast exposure
There are two main types of injury criteria for blast head injury: kinematics based criteria, and tissue response based criteria.  Kinematics based criteria use bulk head kinematic measures, such as translational or rotational acceleration, or energy, to evaluate potential for injury.  In contrast, tissue response based criteria use local stress and/or strain measures in the tissue, most commonly brain.
One of the most commonly used kinematics based injury criterion in the Head Injury Criterion (HIC), which was originally developed to predict injury in automotive impacts.  The HIC uses a time integral of the resultant head linear acceleration to predict likelihood of injury43.  Although not developed specifically for blast, HIC has been used in the literature to assess potential for blast head injuries, although its relevance to the short loading durations in blast remains unclear14,35. Regarding the ground impact during tertiary blast injury, blunt impact injury criteria are relevant.
In terms of local tissue based brain injury criteria, the most commonly proposed metrics are dynamic intracranial pressure12,28,54,56, first principal strain3,12,16,28,37,56, and maximum shear strain56.  The strains in brain tissue have during primary blast have been shown to be relatively small compared to existing injury criteria44, suggesting dynamic intracranial pressure to be a more relevant injury metric in this loading condition.  Positive intracranial pressure thresholds ranging from 66 – 234 kPa have been reported28,54,56.
Another important potential injury mechanism in head blast loadings is cavitation of cerebrospinal fluid (CSF) caused by negative pressures in the head induced by wave reflections.  The subsequent collapse of cavitation bubbles has been hypothesized to cause damage to adjacent brain tissue19,21,40,53.  However, the cavitation threshold pressure of CSF has not been measured previously in the literature, although there is currently ongoing work to measure this7.  Based on statistical analyses, negative intracranial pressure thresholds of brain tissue have been reported to be -55 kPa for a 50% probability of concussion28 and -135 kPa for a 50% probability of subdural haematoma12.

2. Materials and Methods
This study uses two existing validated models to investigate the full spectrum of response during a blast event, from the primary blast loading to the tertiary impact with ground.   The models and simulation test methodology are outlined in the following subsections.  An explicit finite element code (LS-DYNA, R8.1.0) was used in this study.

2.1 Multibody human body model
The Generator of Body Data (GEBOD) model9 is a rigid multibody model of a 50th percentile male (Figure 1).  The model consists of simplified representations of the major body regions with anatomical masses, and connected by kinematic joints.  The rigid multibody approach allows for greatly reduced computational time compared to deformable models, and is sufficient for predicting gross kinematics during blast events, as demonstrated by previous studies that compared the response of the GEBOD to experimental free-field blast24,30.
The ground was modeled as a rigid shell element, upon which the GEBOD was placed.  The contact between the ground and the GEBOD was assigned a linear stiffness (using the force vs penetration curve in *CONTACT_RIGID_BODY_TWO_WAY_TO_RIGID_BODY in LS-DYNA) that determined the contact forces between the two parts (the contact stiffnesses are discussed further in Section 3.3). The coefficient of friction between the ground and the GEBOD was 0.58, based on automotive-pedestrian impact models10,41,55.  A constant acceleration due to gravity (9.81 m/s2) was applied to the model.
The blast load was applied using *LOAD_BLAST_ENHANCED in LS-DYNA, which calculates pressures from the Conventional Weapons (CONWEP) equations, and applies them to the surfaces of the GEBOD using a ray-tracing method between the presented area of the target and the centre of mass of the charge.  Reflected pressures are accounted for in this method, and are determined based on the angle between the segment normal of the target, and the charge center.  A spherical air burst that included Mach stem effects generated from the proximity of the charge to the ground was used (Blast Type 4 in LS-DYNA).  Notably, this method does not explicitly model the air surrounding the human body model, so the fluid dynamics of the surrounding air was not considered.  However, the effects of air movement beyond that which is captured by the Friedlander curve, was not expected to significantly affect the response dynamics, since it would be of a much smaller magnitude compared to the blast wave.

2.2 Detailed head finite element models
The detailed head models44 were used to simulate the primary blast pressure wave interaction with the head.  These are two planar models, in the sagittal and transverse planes of the head, that are coupled to an air mesh and loaded with a prescribed blast loading (Figure 1).  These models have been validated against experimental data for kinematic and intracranial pressure response in blast44.  
The detailed head models use geometry derived from the Visible Human Project49, and maintain an average element size of 1mm, determined through a mesh convergence study44.  The models are composed of solid hexahedral elements, although are one element through thickness, and are prevented from translating out-of-plane.  This plane strain modeling assumption was used due to the computational and developmental infeasibility of a fully 3D model.  The challenges of full 3D models are exacerbated in blast modeling, where mesh continuity between adjacent tissues is necessary to ensure accurate wave propagation, and coupling to an air mesh is necessary to model reflected pressures.  
In the current study, the head models were coupled to an air mesh modeled with Arbitrary Lagrangian Eulerian (ALE) elements, which are well suited to modeling blast in air48.  The edges of the air mesh were unconstrained, and it was adequately sized (1.2m x 2m) to prevent boundary reflections from interfering with the primary blast loading to the head.  Furthermore, the air elements in the vicinity of the head were maintained at 1mm average element size to ensure accurate coupling.  Although these air mesh requirements greatly increase the computational cost of the models, they are necessary to ensure model fidelity.
The blast loading was applied to the coupled air-head model by prescribing relative volume and temperature conditions on the leading edge of the air mesh, to produce the desired blast overpressure time history at the location of the center of gravity of the head.  The relative volume and temperature conditions are sufficient to define the pressure in the air, through the equation of state.  Using this methodology, the same blast loading could be applied to both the GEBOD model and the detailed head models.
    
Figure 1: (a) GEBOD and detailed (b) sagittal and (c) transverse head models with major components labeled

2.3 Test Matrix
A parametric study was performed for a range of blast load scenarios corresponding to conditions that may be experienced in theatre.  Charge size, standoff distance, and height-of-burst (HOB) were varied to produce 27 load cases. Charge sizes of 5 kg, 10 kg, and 20 kg of C4 were considered, based on common charge sizes in the field18 with corresponding blast overpressures at the head ranging from 96 – 929 kPa (Table 1).  Three HOBs were considered: 0.2 m to represent a near surface blast, 1.5 m to coincide generally with the height of the head, and 3 m to represent an air blast.  Additionally, three standoff distances of 3 m, 4 m, and 5 m were considered as typical distances to produce relevant overpressures from the selected charge sizes1.  
An important consideration regarding the standoff distance is proximity to the fireball of the blast, which would result in quaternary blast effects and potential gross disruption of the tissues.  The finite element models and boundary conditions employed in the current study do not model interactions with the fireball.  For a typical high explosive, the fireball has a radius of 18-20 charge radii47.  For spherical charges of the same explosive, in this case C4, the charge mass and charge radius can be related by the density of the explosive material.  Thus, for the selected charge sizes of 5 kg, 10 kg, and 20 kg of C4, the expected fireball radii are 1.8 – 2 m, 2.26 – 2.51 m, and 2.85 – 3.17 m respectively.  Thus, the selected standoff distances are outside of the fireball effects for all but the 3 m case with 20 kg charge, where fireball interaction effects may be relevant.
A commonly used measure of the effective intensity of a blast load is the scaled distance (Equation 1)47.  Scaled distance is a normalized measure of blast intensity, and provides a convenient way of comparing different charge radii and standoff distances for the same type of explosive.  
Equation 1:	Scaled distance.  Z = R/W1/3, R = standoff distance, W = charge mass

The GEBOD model was run at every load case, while the detailed head models were only run at the 1.5m HOB cases since these best corresponded with the planar wave loading of the detailed models.
Table 1: Test matrix for computational study
	Case #
	Charge Size (kg C4)
	HOB (m)
	Standoff (m)
	Actual Distance to Head CG (m)
	Expected Overpressure at Head (kPa)
	Scaled Distance
	Positive Phase Duration (ms)
	GEBOD Model
	Detailed Head Models

	1
	5
	0.2
	3
	3.27
	268
	1.91
	3.22
	X
	

	2
	5
	0.2
	4
	4.21
	152
	2.46
	3.94
	X
	

	3
	5
	0.2
	5
	5.17
	98
	3.02
	4.78
	X
	

	4
	5
	1.5
	3
	3.00
	326
	1.75
	3.16
	X
	X

	5
	5
	1.5
	4
	4.00
	170
	2.34
	3.70
	X
	X

	6
	5
	1.5
	5
	5.00
	105
	2.92
	4.66
	X
	X

	7
	5
	3.0
	3
	3.35
	253
	1.96
	3.24
	X
	

	8
	5
	3.0
	4
	4.27
	147
	2.50
	4.01
	X
	

	9
	5
	3.0
	5
	5.22
	96
	3.05
	4.81
	X
	

	10
	10
	0.2
	3
	3.27
	453
	1.52
	4.05
	X
	

	11
	10
	0.2
	4
	4.21
	255
	1.95
	4.08
	X
	

	12
	10
	0.2
	5
	5.17
	161
	2.40
	4.81
	X
	

	13
	10
	1.5
	3
	3.00
	552
	1.39
	4.17
	X
	X

	14
	10
	1.5
	4
	4.00
	286
	1.86
	4.02
	X
	X

	15
	10
	1.5
	5
	5.00
	173
	2.32
	4.62
	X
	X

	16
	10
	3.0
	3
	3.35
	429
	1.56
	4.02
	X
	

	17
	10
	3.0
	4
	4.27
	247
	1.98
	4.10
	X
	

	18
	10
	3.0
	5
	5.22
	158
	2.42
	4.87
	X
	

	19
	20
	0.2
	3
	3.27
	766
	1.20
	5.45
	X
	

	20
	20
	0.2
	4
	4.21
	431
	1.55
	5.07
	X
	

	21
	20
	0.2
	5
	5.17
	270
	1.90
	5.10
	X
	

	22
	20
	1.5
	3
	3.00
	929
	1.11
	5.37
	X
	X

	23
	20
	1.5
	4
	4.00
	485
	1.47
	5.15
	X
	X

	24
	20
	1.5
	5
	5.00
	291
	1.84
	5.05
	X
	X

	25
	20
	3.0
	3
	3.35
	725
	1.24
	5.45
	X
	

	26
	20
	3.0
	4
	4.27
	418
	1.57
	5.05
	X
	

	27
	20
	3.0
	5
	5.22
	264
	1.92
	5.11
	X
	




3. Results
The results of the study are presented in the following subsections, that discuss respectively the kinematics during primary blast, the local tissue response during primary blast, and the kinematics during tertiary blast and ground impact.
The head acceleration response of the GEBOD model was filtered using a CFC 1000 filter, according to standard methodology for head blast acceleration response29.  

3.1 Primary Blast Kinematics
The peak head acceleration (Figure 2a) and HIC values (Figure 2b) as a function of scaled distance, were determined for each load case from the acceleration responses of the primary blast peak.  The accelerations for the GEBOD model were extracted from the resultant acceleration of the head, and the accelerations for the detailed head models were extracted from the resultant acceleration of the skull.  These results demonstrate a clear relationship where peak acceleration and HIC increase non-linearly with decreasing scaled distance.  The GEBOD and both detailed head model kinematics were in good agreement with each other, and demonstrated the same trends.

Figure 2: (a) Peak linear acceleration and (b) HIC as a function of scaled distance for primary blast, various HOB

Looking at the HIC values predicted during the primary blast impact in terms of HOB (Figure 3), there is a clear trend at smaller scaled distances, or greater blast load magnitudes, of increased HIC with lower HOBs.  However, at scaled distances greater than approximately 2, the HOB does not have a significant effect on the HIC values.  

Figure 3: HIC as a function of height-of-burst and scaled distance for primary blast

In terms of rotational kinematics during primary blast, the peak rotational accelerations in the z-direction (along the sagittal plane) of the GEBOD head demonstrate a clear reduction in magnitude as the scaled distance increases (Figure 4).  Furthermore, the 0.2m and 1.5m HOBs result in negative peak rotational accelerations, while the 3.0m HOB results in positive peak values.  According to the axes of the model, a negative rotational acceleration here corresponds to flexion of the neck, and positive corresponds to extension.  The results also demonstrate greater magnitudes of rotational acceleration for the 0.2m and 3.0m HOB compared to the 1.5m HOB.

Figure 4: Peak sagittal rotational head z-acceleration as a function of scaled distance for primary blast in the GEBOD model

Although the peak rotational accelerations were significant in magnitude, the relative rotational displacements between the head/neck and the neck/torso in the GEBOD model during primary blast were very small, on the order of 1e-7 rad.  The primary blast portion of the loading occurs within approximately 3ms, so even relatively large accelerations do not produce significant displacements due to the short amount of time involved. 

3.2 Primary Blast Local Tissue Response
The positive and negative intracranial pressures reported by the detailed head models were extracted for each of the load cases.  Upon blast wave impingement, the wave transmits into the head and interacts and reflects within the tissues of the head, with the predominant loading taking place over approximately 2 ms. To prevent single elements from dominating the response, the maximum pressure that at least 5% of the brain volume experienced was used to compare the results.  This was called the 5% max ICP, and the use of this metric did not affect any of the observed trends.  Both positive and negative intracranial pressures demonstrated increasing magnitudes with decreasing scaled distance to the blast load (Figure 5).  Furthermore, both the sagittal and transverse models were found to be in general agreement in terms of the magnitudes of pressure.

Figure 5: (a) 5% ICP and (b) 5% Negative ICP as a function of scaled distance

The short durations involved with primary blast loading resulted in relatively small values of strain in the brain tissue, below any of the reported injury thresholds12,16,28,37,56, and in agreement with previous literature44.  Thus, the brain tissue strains are not reported.

3.3 Effect of ground stiffness
The effects of ground stiffness on the head kinematic response during ground impact were investigated by considering values of ground stiffness ranging from soft (sand) to hard (concrete) as reported in the literature (Table 2).  The stiffer ground materials were found to produce greater peak accelerations and HIC values upon head impact, as expected (Figure 6).  Thus, the choice of ground stiffness can have a large impact on the predicted response of the model and predicted injury outcomes, and should be an important consideration for modellers.  In the subsequent sections in this work evaluating ground impact, the medium soil was used for the ground material stiffness, which produced a median response, and was deemed an appropriate representation of common ground material in theatre.  Notably, the stiffness of the skull was not modeled in this analysis as it was assumed to be rigid.  This assumption would generally overpredict the accelerations, and was a limitation of the multi-body model. However, the skull stiffness is typically greater than that of the ground, with the exception of concrete, so the range of contact stiffnesses considered in this study should provide a reasonable estimate of the range of head accelerations resulting from head impact with the ground.

Table 2: Stiffness for various ground materials
	Ground Material
	Stiffness (kN/m)
	Reference

	Sand+clay+gravel
	99
	32

	Soft soil
	210
	32

	Medium soil
	429
	32

	Hard soil
	880
	32

	Concrete
	3400e3
	27



  
Figure 6: (a) Head kinematics during ground impact of GEBOD model for various ground stiffnesses with (b) the response of concrete removed

3.4 Long Duration Kinematics
After detonation, the primary blast wave propagates and eventually reaches the head after 2 – 4 ms, depending on the standoff distance.  After the primary blast loading, there is bulk motion of the body, resulting in an impact with the ground that takes place approximately 1 s after detonation, depending on the severity of the event (Figure 7).

Figure 7: Graphical time sequence of blast event

The typical head acceleration response of the GEBOD models exhibited an initial peak from the primary blast wave approximately 3.5 ms after the blast event, followed by a secondary peak approximately 1 s following detonation (Figure 8).  The secondary peak was caused by the ground impact, and subsequent peaks were caused by the head bouncing on the ground surface.  

Figure 8: Exemplar linear head acceleration response from GEBOD model (5 kg C4 at 4m standoff)

In contrast to the linear acceleration responses resulting from the primary blast impact, the ground impact results did not demonstrate any clear trends with respect to either scaled distance or HOB (Figure 9).  In terms of rotational acceleration during ground impact, there was similarly no clear trends (Figure 10).  An exemplar case of the acceleration curves for linear and rotational acceleration is provided in Appendix A.

Figure 9: (a) Peak acceleration and (b) HIC as a function of scaled distance for ground impact for GEBOD model

Figure 10: Peak sagittal rotational head acceleration (absolute values) as a function of scaled distance for ground impact in the GEBOD model

4. Discussion
Blast exposure was modeled from the primary blast interaction until impact with the ground using a multi-scale modeling approach.  It was found that the kinematic and brain tissue level response increased at smaller scaled distances, as a direct consequence of the greater blast overpressures.  The predicted HIC values followed a relatively well defined curve, increasing exponentially with smaller scaled distances (Figure 2b).  Furthermore, both the GEBOD multibody model and the detailed head models predicted consistent head kinematics in primary blast (Figure 2), which provided an important link between the scales of the two models and justified the multi-scale nature of the work.  
The HOB was found to have no significant affect on the linear accelerations during primary blast for scaled distances greater than 2.  However, at scaled distances less than 2, smaller HOBs were found to produce greater values of HIC.  This is due to the Mach stem effect, where the presence of the ground creates a wave reflection that constructively interferes with the incident wave front.  In terms of rotational accelerations of the head during primary blast, these increased at an increasing rate in magnitude with decreasing scaled distance.  
The HOB was found to be a significant factor in the head rotational accelerations, where the near surface burst (0.2 m) and head level burst (1.5 m) produced rotations in flexion, while the air burst (3.0 m) produced rotations in extension.  Furthermore, the magnitudes of peak head rotational acceleration were greater for the 0.2 m and 3.0 m HOBs as compared to the 1.5 m HOB.  The rotational accelerations in flexion for the 0.2 m and 1.5 m HOBs were due to the torso being closer to the charge in those cases, such that it is translated away at a greater rate than the head.  Conversely, for the 3.0 m HOB, the head was closer to the charge, and thus it translated away at a greater rate relative to the torso.
A parametric study on the ground stiffness determined that the value of ground material stiffness greatly influences the resultant peak acceleration and HIC values predicted during ground impact.  Although expected, this result underscores the need for accurate contact stiffness definitions in numerical modeling of ground impact and representative ground stiffness.  In the current study, literature values of ground stiffness for medium soil were used.
In terms of ground impact, there was found to be no clear trend regarding the magnitude of linear or rotational acceleration or HIC, as a function of blast charge intensity.  This is not surprising, as the forces during ground impact are more dependent on acceleration due to gravity, rather than the blast wave.  It was found that the head kinematics, both in terms of peak linear and rotational accelerations, predicted during ground impact were generally greater than those predicted during primary blast impact for scaled distances greater than 1.5, below which the primary blast load produced greater kinematic values.  These conclusions should inform helmet design, where blunt trauma from ground impact is an important aspect to consider in human protection, even for helmets designed specifically to protect against the primary blast wave. It is important to note that the kinematics associated with ground impact depend on the ground stiffness, where the medium soil ground stiffness was used in the current simulations.  Naturally, increased ground stiffness would induce greater accelerations during ground impact. Furthermore, the inclusion of a compliant skull and/or skull fracture, which were not modeled in this study, would reduce the effective contact stiffness for the ground impact predictions. 
In addition to the head kinematics, the detailed head models allowed an investigation into the local tissue response during primary blast.  Intracranial pressure, both positive and negative, was found to increase with decreasing scaled distance.  Cavitation behavior was not included in the constitutive models for the CSF in the detailed head models, due to the lack of measured values in the literature to inform its inclusion. The presence of cavitation bubbles would limit the magnitudes of negative pressure to below the cavitation threshold, and potentially cause localized positive pressure spikes in adjacent tissues from cavitation bubble collapse. In comparison to existing positive intracranial pressure injury criteria (66 – 234 kPa), albeit not developed for blast injury, the blast loads considered in the current study generally exceeded injury thresholds for mTBI for all but the two least intense load cases (5kg C4 at standoff distances of 4m and 5m).  The negative pressures generated in the brain tissue were generally smaller in magnitude than the positive pressures, although exceeded the previously proposed injury thresholds for negative pressure (-55 to -135 kPa). Although these existing injury thresholds for positive and negative intracranial pressure can be useful as a comparative benchmark against which to evaluate the response, their relevance in primary blast remains unclear. There is currently ongoing work to establish the cavitation pressure threshold for CSF7, which may provide more guidance on the assessment of negative intracranial pressures.
Some limitations were identified in the current study.  Firstly, the blast loading used with the multibody model was based on a ray-tracing method, and did not include direct simulation of the wave propagating in air.  Thus, this approach could not account for the motion of air or wave diffraction phenomena that would be induced with the presence of air.  However, these effects would generally be expected to be minimal compared to the initial overpressure of the blast event.  Secondly, the detailed head models used a planar assumption, that ensured mesh connectivity and small element sizes, but could not account for three dimensional effects.  However, previous validation of these models44, and the consistency between the responses of the models lends some credibility to the model predictions. Another aspect of blast head injury that was not considered in the current study was the effect of helmet protection.  In theater, many personnel receiving blast exposure are wearing helmets, which would increase the mass of the head-helmet system and likely reduce the generated accelerations in primary blast.  Helmets have been shown to affect intracranial pressures by potentially amplifying or mitigating blast wave transmission to the brain, depending on the specific material properties and helmet configurations (e.g. the presence of a visor)45.  Furthermore, the presence of a helmet would likely reduce the forces on the head during ground impact, by cushioning and/or decoupling the impact forces from the head. Importantly, this study was able to describe the relationship between blast charge mass, standoff, and HOB on the resultant head kinematics, and compare the gross kinematics to local tissue response for the same applied blast loadings.  
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Appendix A: Exemplar case of linear and rotational acceleration response
The acceleration response curves for an exemplar case (10 kg of C4 at 4m standoff and 0.2m HOB) is shown in detail.  The linear acceleration (Figure A1) and rotational acceleration (Figure A2) are presented, with the primary blast and first ground impact portions of the response shown in detail.

Figure A1: Linear acceleration curves for (a) primary blast and (b) first ground impact for 10 kg of C4 at 4m standoff with 0.2m HOB

Figure A2: Rotational acceleration curves for (a) primary blast and (b) first ground impact for 10 kg of C4 at 4m standoff with 0.2m HOB

