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Abstract 

Blast injuries are a leading cause of traumatic brain injury (TBI) in military personnel in the recent Iraq and Afghanistan wars and the effect of IEDs (Improvised Explosive Devices) blasts is of growing concern for the military. Although combat helmets provide good protection against blunt/ballistic type threats, the current issue with helmets is protection concerning blasts. This study focused on investigating how combat helmets influence the blast-induced mechanical loads in the human brain. A 3-D finite element (FE) model of Advanced Combat Helmet (ACH) was developed and validated against blunt impacts. ACH was then integrated with a previously validated human head model in order to study blast effects. Four levels of overpressures (0.27-0.66 MPa) from the Bowen’s lung iso damage threshold curves were used to simulate blast insults. Effectiveness of helmet with respect to head orientation was also investigated. Peak brain pressures, strains, and product of strain and strain rates were monitored and compared for human head with and without helmet. For all Bowen's cases, the peak intracranial pressures in the head ranged from 0.68-1.8 MPa in the coup cortical region. ACH was found to mitigate the intracranial pressures by 15-35%. The average peak product of strain and strain rate was found to be 30% lower in the helmeted head. Model results revealed that ACH provides some degree of protection/mitigation at cortical brain locations (front, temporal and occipital) but not for the brainstem for the blast loading scenarios investigated. Among three blast loading directions with helmet, the highest reduction in peak intracranial pressures (30%) was due to backwards blast whereas the lowest reduction in product of strain and strain rate was found in forward blast. The head orientation dependency responses predicted by the model suggested that directional-specific tolerances are needed in helmet design in order to offer omni-directional protection for the human head.
1.0
INTRODUCTION

Mild traumatic brain injury (mTBI) and posttraumatic stress disorders (PSTD) have been observed in great number among U.S. army warfighters in the recent Iraq and Afghanistan wars. It is estimated that 19.5% of service members who served in these conflicts have sustained TBI [1,2]. Blast injuries are categorized by mechanisms into primary, secondary, tertiary and quaternary injuries [3]. Out of all these types of blast injuries, soldiers are mostly vulnerable to primary and secondary blast insults [4]. 

For decades combat helmets have been the primary source of protection for the warfighters. In the past the main concern for the soldiers wearing helmet was that it should protect against ballistic impact of bullets or any other flying projectiles, but presently soldiers are exposed to blast threats due to increased use of improvised explosive devices. Despite intensive research, little is known about the biomechanical effects of blasts on human head; no injury thresholds have been established for blast effects on head. Additionally, less is known about how the helmet such as the Advanced Combat Helmet (ACH) affects the brain response to blasts. In recent years, a handful of computational studies describing protective and unprotective effects of combat helmet against blast loadings have been proposed by various investigators [5-8]. However, most of these studies lacked detailed anatomical structures of the head as well as complete realistic description of the helmet in terms of geometry and material characterization of the different components of the ACH. Therefore, the precise effects of the primary blast wave on and transmitted through the helmet and the subsequent brain response has never been measured and demonstrated. Still complete information about the role of ACH in preventing blast induced brain injuries remains unclear.
It is speculated that a combat helmet’s ability to mitigate the blast effect on the brain/skull is influenced by the non-uniformity of the head geometry/structure and its interaction with the shell/padding system used in the current helmet design. This study focuses on using validated finite element (FE) model of an integrated helmet-head system to predict mitigation capability of the ACH against blast insults of various conditions. The FE ACH model was first validated against U.S. Army blunt impact experiments. The helmet model was then integrated with FE human head model that has been recently validated against cadaveric intracranial pressure measurements in shock tube experiments. The helmeted head model was then subjected to blast insults of four different peak overpressures-pulse durations based on the Bowen’s iso lung injury thresholds [9]. Finally, the influences of blast wave directions on mitigation capability of the ACH were investigated. The biomechanical responses within the brain tissues of various regions were compared to assess blast effects on human head and blast wave mitigation performance offered by the current combat helmet.  

2.0
METHODS AND MATERIALS

2.1
3-D FE Models of ACH Helmet, Headform and Human Head

2.1.1
Development of a 3-D FE ACH Helmet Model

An actual mid-size Advanced Combat Helmet (ACH) provided by Team Wendy (Cleveland, OH) was used as the prototype. The ACH has a 0.4 inch (10 mm) thick shell. The pad system configuration consists of seven pads in three different shapes. Each ¾ inch (20 mm) thick foam is comprised of two parts - hard foam known as the impact liner and soft foam which is the comfort liner. The outer geomtery of the helmet shell was obtained by a 3-D digital scanner EScan 3363 (3D Digital Corp, CT). The output data from the scanner was 2-D STL surface mesh. These 2-D surface meshes were then imported into a mesh pre-processor Hypermesh 10 (Altair Engineering, MI) to generate multiple surfaces and shell element mesh. The shell element mesh then was extruded inward to the desired thickness of the actual helmet shell using 8-noded brick element meshes (Figure 1). To mesh the seven pads of the ACH helmet, a surface mesh was first generated at the interior of the helmet shell where the pad was attached. The sizes of the surface mesh conforming to the actual pad dimensions were then extruded inward to the actual thickness of the pad to create the 8-node brick solid mesh (Figure 1). The pads were separated into two components differentiating the two part foams with a thickness about 10 mm for each foam. The entire ACH helmet model consisted of over 81,000 elements with an element size of approximately 2-3 mm. 
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Figure 1: Step by step procedure for obtaining 3D FE ACH model (left to right).
2.1.2
Material Properties of ACH Components

The shell of the ACH helmet is made of the woven fabric reinforced aramid laminates. A composite failure material model MAT_COMPOSITE_DAMAGE (MAT_22) available in a nonlinear FE solver LS-DYNA (LSTC, Livermore, CA) was chosen to model the mechanical behaviours of shell material. This composite material model allows assignment of different material properties to the fibers in three orthogonal directions (a, b, and c). The a, b and c material directions axes were properly assigned in the FE model first. Then a transversely isotropic material was used for the ACH shell where one set of moduli and strengths were for the radial directions (a and b) while the other ones for the tangential directions (c). Table 1 shows the material parameters defined for the shell material based on the data reported in literature [10, 11].
Table 1: Material parameters defined for the shell model.
	Density 

ρ (kg/mm3)
	Young’s Modulus

Ea (GPa)
	Young’s Modulus

Eb (GPa)
	Young’s Modulus 

Ec (GPa)
	Poisson’s Ratio

νba
	Poisson’s Ratio

νca
	Poisson’s Ratio

νcb
	Shear Modulus

Gab

	1.23x10-6
	18.5
	18.5
	6
	.25
	.33
	.33
	.77


	Shear Modulus

Gbc (GPa)
	Shear Modulus

Gca (GPa)
	Shear Strength 

SC (GPa)
	Longitudinal
Tensile Strength

XT (GPa)
	Transverse
Tensile Strength

YT (GPa)
	Transverse Compressive Strength

YC (GPa)
	Normal Tensile Strength 
(GPa)
	Transverse Shear Strength (GPa)

	2.72
	2.72
	.077
	.555
	.555
	1.20
	.03450
	1.086


The current padding system utilizes pads known as Zorbium® Action Pad (ZAPTM) manufactured by Team Wendy. Zorbium® is a polyurethane based foam material and with stress-strain behavior that is loading rate dependent. The compressive properties of the hard and soft foams used in the current ACH pad system were obtained from standard ASTM material testing provided by the manufacturer. The test samples were right cylinder type having a thickness and diameter of 9.43 and 25.22 mm respectively. The uniaxial compression tests conducted had strain rates of 0.02, 0.2, 2, 20 and 200 s-1 at a normal strain of 80%.
MAT_LOW_DENSITY_FOAM (MAT_57) was selected from the LS-DYNA material library for modeling the material behaviors of the two foams under dynamic loading conditions. This model requires uniaxial stress-strain curve and an elastic modulus (E). A one-term Prony series can be described with the help of a reference optional modulus and time decay constant. Same elastic moduli of the hard and soft foams were used as reference moduli along with a decay constant of 5 ms-1. Stress strain data for the highest strain rate (200 s-1) from the two foams were selected while the material parameters are listed in Table 2.
Table 2: ACH Foam model.
	Component
	Density

ρ (kg/mm3)
	Elastic Modulus 
E (MPa)

	Impact liner- Hard foam
	6.13x10-8
	8.4

	Comfort liner- Soft foam
	6.26x10-8
	.84


2.1.3
Development of a FE 3-D DOT Headform Model

Standard U.S. Army blunt impact attenuation tests for ACH helmets require the use of DOT head form (Department of Transportation). DOT headform is the standard headform used in the FMVSS 218 (Federal Motor Vehicle Safety Standard) established for evaluating the performance of motorcycle helmets [12]. The U.S. Army does not have a unique test methodology for blunt impact evaluation of the combat helmets. The Army modified the standard impact performance test specified in the FMVSS 218 to be applicable to combat related environments (impact site, test temperature and subsequent impacts) [13]. The exterior geometrical dimensions of a mid-size DOT headform were obtained from the FMVSS 218 guidelines. The length and width of the headform were about 177 and 130 mm, respectively. The FE mesh with hexahedral elements (Figure 2) was constructed using Hypermesh 10 and MeshWorks 5 (DEP, MI). The total number of elements for the headform was about 112,000 with an element size at about 2 mm. The material properties for magnesium were defined for the headform [13].
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Figure 2: 3-D FE model of a mid-size DOT headform.
2.1.4
ACH Helmet Model Validation 

The ACH impact energy attenuation responses from a set of laboratory drop tests were reported by McEntire and Whitley [13]. In that study, each ACH helmet was tested at the two impact velocities of 10 and 14 feet per second (fps), three environmental conditions, and seven impact sites. The locations of seven impact sites were front, rear, left, right, crown and left and right nape as illustrated in Figure 3. The maximum and the mean peak resultant acceleration at the center of gravity of the headform were measured for each test. 
To simulate the helmet impact tests described above, the helmet was first integrated with the headform where the positioning of the ACH followed basic guidelines and instructions provided in the ACH technical manual [14]. A surface to surface contact definition together with friction was defined between the model interfaces of the headform and helmet paddings. The ACH model validation configuration consisted of three major FE parts: the 7-pad system ACH helmet, the headform and the hemispherical steel anvil models (Figure 4A). In accordance with the test condition, the helmeted headform model was given initial impact velocities of 10 (3.05 m/s) and 14.14 fps (4.31 m/s) with the permissible headform orientations for different impact sites (Figure 4B). The helmet was simulated at five locations instead of seven assuming the results for the left-right impacts to be same because of symmetry of the FE models. The resultant acceleration predicted at the center of gravity of the headform from the FE simulations was compared with that measured experimentally [13]. 
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Figure 3: Test headform orientations for combat helmet impact testing [13].
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Figure 4: (A) The integrated FE models of ACH-headform in frontal and mid-sagittal 
views. (B) FE simulations of the ACH blunt impact at five different impact sites.
2.1.5
A Validated Human Head Model and Helmet/Head Model Integration
The sophisticated FE human head model, Wayne State University Head Injury Model (WSUHIM) previously developed by Zhang et al. [15], was used to capture the intracranial responses from blast loadings with and without ACH helmet (Figure 5). This anatomically inspired, high resolution FE model features fine anatomical details of the human head including the scalp, skull with an outer table, diploë, and inner table, dura, falx cerebri, tentorium, sagittal sinus, transverse sinus, bridging veins, cerebral spinal fluid (CSF), arachnoid membrane, pia mater, hemispheres of the cerebrum with distinct white and gray matter, cerebellum, brainstem, lateral ventricles, third ventricles, facial bones (cortical and spongy bones), nasal cartilage, teeth, temporal mandibular joint, ligaments, flesh and skin. The entire head model is made up of over 330,000 elements and uses 15 different material properties and constitutive models for various tissues in the head. The model has been subjected to rigorous validation against available experimentally measured intracranial pressure, ventricular pressure, brain/skull relative motion and facial impact responses obtained from cadaveric dynamic impact tests [15-20].
Recently, the WSUHIM model was applied to simulate head interaction with the blast wave generated from WSU shock tube [21]. The intracranial pressures measured at four brain locations from cadaveric tests subjected to blast insults of different intensities (74-104kPa) were used to validate the WSUHIM. The model predicted ICP reasonably matched the measured ICP in cadaver heads in terms of trends at frontal, parietal, occipital and ventricular regions [21], which has never been reported previously for any computer head model subjected to blast loadings. The validated human head model was utilized and integrated with the helmet model developed in this study to understand the biomechanical responses involved in the head during a variety of blast insults in open field environments.
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Figure 5: An anatomically accurate finite element model of human 
head (WSUHIM) and coupled with the ACH helmet model.
2.2
Intracranial Response with and without Helmet in Blast Loading Scenarios 

2.2.1
Open Field Blast Loadings Based on Bowen’s Curve
The levels of overpressure and associated pulse duration of a forward facing blast were selected based on Bowen’s iso lung damage curves [9], which estimate lung tolerance to free field blast at sea level for a 70 kg unarmored human. Four levels of peak overpressures ranged from 0.27 to 0.66 MPa and durations from 1 to 3 ms were selected to simulate the blast wave in open field scenarios. Table 3 lists the net weight of TNT explosives and the stand-off distances determined for the four cases [22]. These levels of overpressures had been utilized in our previous study [23] to characterize blast wave interaction with the head model and subsequent intracranial responses. The models of both the head and helmeted-head were positioned forward with respect to the center of the TNT explosion according to the various stand-off distances (Figure 6). 
Table 3:  Standoff distances and TNT weights required to 
achieve the overpressure for four blast loading cases.
	Cases
	Duration

(ms)
	TNT Weight
(kg)
	Stand-off Distance (mm)
	Peak Overpressure (MPa)

	1
	1.0
	.85
	1060
	.66

	2
	1.5
	1.5
	1450
	.46

	3
	2.0
	1.7
	1850
	.35

	4
	3.0
	5.4
	2800
	.27
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Figure 6: Illustration of the model setup showing TNT, air and head coupled 
with ACH to simulate blast loading cases based on Bowen’s lung iso damage
 curve (one size of TNT and 1/4 symmetry for air and TNT model).
The FE models of TNT and air and their material property definitions were the same as those utilized in our previous study [23]. The detonation and expansion of the TNT explosive materials was described using the Jones-Wilkins-Lee (JWL) equation of state (EOS) along with a high explosive material property definition. The JWL equation is described as:
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Where V= relative volume. E is specific internal energy. A, B, R1, R2, ω are JWL fitting parameters. The parameters chosen were based on literature [24].

The blast wave propagation in air, interaction with the head model and the subsequent structural response in the brain as pressure wave coupled into various anatomical structures were simulated using the coupled multi-material Lagrangian-Eulerian, fluid-structural interface and Lagrangian method in LS-DYNA 971.

2.2.2
Biomechanical Response Parameters
The biomechanical response parameters within the brain tissues including the intracranial pressure (ICP), maximum principal strain (ε), the rate of the maximum principal strain change (dε/dt) and the product of strain and strain rate ((ε)(dε/dt)) were computed and analyzed in terms of the response time histories and peak magnitudes to assess the likelihood of brain injury potential in given loading conditions. The tissue level injury predictors and associated threshold limits applied here were those previously proposed as relevant biomechanical parameters for coup-contrecoup injury and mild traumatic brain injury (mTBI) [25-28]. The anatomical brain locations including the frontal, temporal and occipital cerebrum regions along with the midbrain and brainstem were monitored and compared between different cases for both the models with and without helmet.
2.3
Effect of Head Orientation on Brain Responses with and without ACH

Depending on the head orientations in relation to the oncoming wave direction, the asymmetric human head may experience non-uniform response to blast insult of same severity. Additionally, whether the current ACH helmet design offers equal protection to the head was of concern. In the current study, three different head orientations with respect to the oncoming wave propagation direction were simulated and compared. Case 3 with a peak overpressure of 0.35 MPa-2ms was selected as the blast loading condition. The helmeted head was subjected to sideways blast (lateral-to-lateral axis) (Case 5) and backwards (posterio-anterior axis) (Case 6) blast directions and the resulting brain responses were compared to that of helmeted head model subjected to forward blast condition (Case 3) (Figure 7). 
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	(A) Forward blast (Case 3)
	(B) Sideways blast (Case 5)
	(C) Backwards blast (Case 6)


Figure 7: Model setups showing the TNT, air and helmeted 
head for forward, sideways and backwards blasts.
3.0
RESULTS

3.1
Validation of ACH against Impact Tests
Figure 8A shows the typical acceleration time traces of the headform resulting from simulated ACH-headform impact at 10 and 14 fps. Figure 8B summarized the magnitudes of head acceleration between the model simulations and experiments for all impact locations. The model predicted peak accelerations at 14 fps increased compared to that from 10 fps impact but not as drastically as observed in the experiments. For all the impact sites, the model predicted head acceleration from impact to the side of the helmet appeared to be relatively stiffer than the responses from other locations when comparing to the trends in experiments.  For the other locations, the overall accelerations predicted by the FE model were found to be within the range of experimental results (Figure 8B). The average foam compression predicted by the model varied from 62 to 70% at 14 fps impact, an increase of 20% over the 10 fps impact. 
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Figure 8: (A) Acceleration time traces for ACH blunt impacts at 10 fps and 14 fps.  (B) Comparison 
of headform acceleration between FE model and experiments at 10 and 14 fps impact.
3.2
Brain Response Comparison between the Head with and without ACH Helmet
Figure 9 shows comparison of the pressure contours across different layers of the head structures between the cases with and without ACH for one of the Bowen’s loadings (Case 3). In the case without helmet, the pressure wave directly impinged on the scalp, propagated through the skull then coupled with the brain at various regions. As depicted in the sagittal sections, both positive and negative stress wave response was more profound in the brain without helmet as compared to that in the helmeted head. In the case of with helmet, the ACH shell was pushed onto the head as the pad deformed. It was also observed that partial blast waves directly entered through the gap between the helmet and the head caused additional deformation on the pads. The blast wave entry caused a significant amount of foam deformation, absorbing some of the wave energy. In the meanwhile, the padding acted as a transmission pathway for the blast waves in the helmet model. These shock waves are transmitted via foam pads through the skull to the brain tissue. There was significant stress wave reduction in the stresses across the head and inside the cranial cavity, particularly in portions of the head underneath the paddings. 
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Figure 9: Pressure contours across the face, scalp, skull and various intracranial components 
for case 3 at various time points after the shock waves couples with the head and helmet.
3.2.1
Brain Pressure Responses
Figure 10A,B shows the intracranial pressure time histories predicted by the two models at various cortical regions, midbrain and lower brainstem of the brain for blast loading Case 3. Comparing the pressure curve patterns between the two models, the magnitudes and initial rising time appeared to be affected by the presence of the helmet. With the helmet, peak positive and negative pressures were reduced to 0.67 MPa (coup) from 0.934 MPa and from -0.41 MPa (contrecoup) to -0.26 MPa. Additionally, the rise times of the intracranial pressure responses in the cortical regions were slower compared to the cases without the helmet. As a result, the rate of the pressure change was reduced by 20-40% for the cortical regions but remained similar for the midbrain and brainstem regions between the helmet and non-helmeted head. 

For all the four cases simulated, the temporal patterns of the pressure responses predicted within the intracranial space for the head and helmeted head showed similar trends. However, the magnitudes of pressure sustained by the brain at various regions varied depending on the blast loading severities for both models. As the overpressure increased from 0.27 to 0.66 MPa, the highest coup pressure increased from 0.68 to 1.8 MPa for non-helmeted head. At the same regions, the brain with helmet only experienced peak pressure from 0.62 to 1.1 MPa which was a 36% reduction compared to without helmet. The negative pressure in the helmeted head reduced to 0.21-0.34 MPa from 0.3-0.48 MPa, suggesting a decrease of about 30% as compared to the head model (Figure 10C). However, for the midbrain and brainstem regions, only minimal changes (about 5%) in peak pressure were found between the two models.
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Figure 10: Pressure time histories predicted in the brain of various regions (Case 3): (A) no helmet (B) with helmet, (C) Comparison of peak pressure for all four cases based on Bowen’s curves. 
3.2.2
Brain Strain and Strain Rate

Figure 11A compares the peak magnitudes of the maximum principal strain, ε sustained in the brain at various regions between the heads with and without helmet in all four cases. Overall, wearing a helmet reduced the strain in the brain by 16% - 30% depending on the regions and loading severities. It was found that the helmet resulted in more reduction in strain for a blast insult of higher overpressure with shorter duration pulse (Case 1) as opposed to that with counterparts (Cases 2-4). The strains in the brainstem were the highest compared to other regions of the hemisphere through all loading severities for both models. The overall strain magnitude was below 0.10 for helmeted cases and 0.12 for non-helmeted cases.

The strain rate, dε(t)/dt was the temporal strain derivative. The product of strain and strain rate, (ε)(dε(t)/dt) was then calculated and compared between different regions and two models for all four cases as shown in Figure 11B. Similar to the strain response, the brainstem region sustained the highest (ε)(dε(t)/dt) for all three cases except for Case 1, the highest (ε)(dε(t)/dt) was located in the coup site. In comparison to non-helmeted head, the (ε)(dε(t)/dt) experienced by the brain at various regions was reduced by an average of 20% among Cases 2-4. For Case 1, (ε)(dε(t)/dt) was reduced to 40%. The highest overall (ε)(dε(t)/dt) was 24 s-1 for the non-helmeted head as compared to below 13 s-1for all helmeted heads for all four cases.
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Figure 11: (A) Peak magnitudes of maximum principal strain and (B) product of strain and 
strain rate comparison at various regions of brain between the models with and 
without helmet as a result of blast loadings of various severities.
3.3
Effect of Head Orientation on Brain Responses

3.3.1
Intracranial Pressure

Figure 12 shows the comparison of spatial patterns of pressure developed across the brain due to blasts from three directions between the two models at times when the responses peaked. For both head models, with and without helmet, brain pressure patterns exhibited coup and contrecoup phenomena. The peak positive pressures occurred at the site facing the direction of the blast wave, whereas the peak negative pressure developed on the region directly opposite to the primary loading site. The peak coup pressures in the head resulting from forward, sideways and backwards blast were 0.93 MPa in the frontal cortex, 1.05 MPa in the temporal cortex, and 1.06 MPa in the occipital cortex, respectively, whereas in the helmeted head model the pressure was reduced for the corresponding regions by 23 to 38%. The peak countercoup pressures, i.e. to the occipital, contralateral and frontal cortex regions, resulting from the three aforementioned blast directions were also found to be reduced by 20 to 32%. The pressure at the brainstem regions in the non-helmeted head model varied from 0.1 to 0.23MPa, whereas in the helmeted model the pressure varied from 0.1 to 0.28 MPa. It was noted that there was no reduction of pressure in the brainstem region. Instead there was an increase of about 29% and 7% in cases of forward and backwards blast, respectively as a result of wearing the helmet. 
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Figure 12: (A) Pressure contours across the brain at the time when the pressure exhibits the coup and contrecoup phenomena as results of the forward, sideways and backwards blasts for the models with and without helmet. (B) Comparison of the highest positive and lowest negative pressure and brainstem pressure predicted by the head models with and without helmet.
3.3.2
Brain Strain and Strain Rate

Forward blast resulted in the highest strain in the brainstem (0.07) from both models with and without helmet. In the head model without helmet, cortical strain was the highest in occipital cortex (.06) due to backwards blast whereas sideways blast resulted in the highest strain in temporal cortex (.05). With helmet, the brain strain measured at these locations showed an average 25% reduction with the highest reduction of 43% occurring in the occipital region in backwards blast (Figure 13A).

The product of strain and strain rate, (ε)(dε(t)/dt) appeared to be in line with the strain responses in terms of relative severities and directional sensitivities exhibited by the two models. In the head model without helmet, the highest (ε)(dε(t)/dt) of 11 s-1 occurred in the occipital cortex (coup) due to backwards blast followed by 9 s-1 and 7 s-1 in the temporal and brainstem regions, respectively. In the helmeted head, the highest (ε)(dε(t)/dt) reduction was in the occipital cortex (43%) due to backwards blast followed by 41% reduction in the brainstem region due to sideways blast (Figure 13B). 
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Figure 13: Comparison of peak maximum principal strain (A) and product of strain and strain rate (B) predicted at various brain regions between the head with-without helmet from the forward, sideways and backwards blasts.
4.0
DISCUSSION AND CONCLUSIONS
This communication reports a study conducted in order to understand the biomechanical effects of blasts on human brain and how protective equipment such as the ACH helmet affect the internal brain response parameters to various blast insults. A sophisticated, anatomically detailed, validated computer model of human head coupled with ACH helmet model was applied successfully to simulate blast event of varying intensities and directions. These finite element models using a hybrid Lagrangian-Eulerian algorithm approach appear to be useful tools for simulating blast wave phenomena, the interaction of the blast wave with the head and the subsequent internal brain responses to blast loads [21,23]. The computational analysis of such events allows monitoring of the biomechanical response parameters at any given time and throughout any regions/structures of the brain, a task which is technically difficult to measure experimentally in an in vivo condition. 

4.1
Effect of the Helmet on Biomechanical Responses in the Brain 

The levels of intracranial pressure and brain strain in response to various blast threats taken from Bowen’s iso-lung threshold curve were found to be dissimilar in the head models both with and without helmet. Among the four cases simulated, the input blast profiles with higher peak overpressure levels-shorter pulse durations produced higher intracranial pressures and brain strains as compared to those by lower peak overpressure-longer pulse duration cases. This may suggest that the elastic stress response rather than the viscous response dominated brain behavior for blast with short pulse duration i.e. between 1-3 ms. Perhaps the application of the blast overpressure with a much longer duration pulse (>5 ms) on Bowen’s curve needs to be simulated in the future to understand the role of viscoelastic effects on brain response to a wide range of blast threats.  

In forward blasts, upon loading the helmet, the ACH shell was pushed onto the head as the pad deformed. It was also observed that small portion of the blast wave directly entered through the gap between the helmet and the forehead caused additional deformation on the pads. Overall, ACH was found to provide some protection/mitigation resulting in lower intracranial pressures and brain strains as compared to the cases without helmet. This protective effect however, was region dependent, with reduction mainly occurring in the cortical lobes but not in the deep brain structures such as the brainstem. Instead, there were some adverse effects on the brainstem pressure responses from the use of helmet for the forward blast cases. It was also noticed that with helmet, average reduction in brain pressure decreased from 30% to 15% from Case 1 to Case 4. This suggested that the current ACH helmet is more effective in mitigating the brain response induced by blast threats of relatively higher intensity-shorter duration pulses rather than the lower intensity-longer duration pulses suggested by Bowen’s lung threshold curve. 

4.2
Directional Sensitivity of Brain Responses
The effect of the head orientation on the internal brain responses were compared for a given blast dose for both helmeted and non-helmeted heads. Without helmet, sideways blast produced the highest coup and countrecoup responses compared to the other two head orientations. The role that loading direction played on severity of injury risk agreed with the findings derived from model analysis of impact induced TBI [30]. In the helmeted sideways blast, the helmet pads in the side underwent relatively large volumetric compression compared to that seen in forward or backwards blast conditions. The increased projected area in the side of the helmet compared to the areas in the front and back may result in greater force transmitted to the head. The skull deformation in the temporal region was increased slightly as compared to the non-helmeted case. In general, the average reduction of the brain pressure (cortex) offered by the helmet was less effective in sideways blast (about 20%) as compared to forward (~25%) and backwards blast (about 30%).  On the other hand, the product of strain and strain rate reduction by the helmet was more profound in backwards blast (~40%) than in sideways (~30%) and forward blast (~25%). The comparison demonstrated that the biomechanical responses of human head to primary blast insult exhibited directional sensitivity owing to the different geometry contours and coverage of the helmet construction and asymmetric anatomy of the human head. Thus, direction-specific tolerances are needed in helmet design in order to offer omni-directional protection for the human head. 
4.3
Biomechanical Assessment of Brain Injury Risk
The injury risk based on the internal tissue response parameters were assessed using the tissue level thresholds proposed for blunt impact induced brain injury reported in the literature. The intracranial pressures sustained by the brain from a given range of blast insults simulated in this study exceeded the pressure threshold of 235 kPa proposed for contusive injury [29] and 90 kPa for mTBI or concussion [26]. However, the proposed pressure limits were derived based on the traumatic event of a longer duration (> 4-20 ms or longer). The brain strain levels in the blast simulations were, however, in the subconcussive range. On the other hand, the level of product of strain and strain rate indicated 0-25% of probability of sustaining a mild concussion for some of the blast cases [25, 27, 31]. Based on the overall responses experienced by the brain, the current study revealed that the risk of blast induced brain injury did not follow Bowen’s criteria proposed for lung damage or lethality.
4.4
Conclusions and Future Work

The model results revealed that regional and directional variability of the brain stress/strain to various blast environments were the consequence of complex geometry of the head/brain structures and interfaces. The blast input threats defined from Bowen’s iso lung threshold curves produced dissimilar levels of pressure/stress response in the brain between four cases. The different tissue response could predict potential multi-level damage outcomes rather than the same risk potential as suggested by the iso damage tolerance curve.  A tolerance curve determined specifically for neurotrauma is called for.

Based on the cases studied, blast induced intracranial pressure levels in the helmeted head generally exceed thresholds proposed for contusive brain injury induced by blunt impact. The brain strain and product of strain and strain rate associated with blast loadings were below the thresholds for mild traumatic brain injury produced by helmeted blunt trauma. The head orientation-dependent responses predicted by the model suggested that directional-specific tolerance criteria are needed for use in helmet design in order to offer omni-directional protection for the human head. 
The work presented here provides a preliminary analysis on the blast mitigation capability of the present combat helmet. Parametric studies addressing the sensitivities of the material properties including both brain tissues and helmet padding materials under higher rate loading are needed to better simulate material behaviours in blast environment. Future work should also incorporate animal experiments with simulations of blast injury to establish correlates between the tissue-level mechanical responses and pathophysiological outcomes following TBI. Such defined tissue level threshold information, once translated to the human head model, will improve the predictive power of computer models, thus enabling use of the models as design tools to provide warfighters with improved protection equipment for combating brain trauma.
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