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ABSTRACT

Due to the growing magnitude of blast traumatic brain injury (bTBI), significant efforts are being made to develop effective counter-measures, mitigating the blast effect, and enhancing Warfighters’ protection and survival.  There are several hypotheses of bTBI of which the primary blast wave transmission to the brain is the most probable. However, current understanding of the precise cause and mechanism of primary bTBI and the protective role of military helmets is incomplete thus limiting the development of protection and therapeutic measures.
The United States Army Aeromedical Research Laboratory (USAARL) and CFD Research Corporation (CFDRC) are developing a comprehensive integrated experimental and computational framework to investigate blast wave brain biomechanics that will support design efforts to improve helmet protection under blast exposure. High fidelity physiology-based mathematical modeling tools of blast wave brain injury provide a complementary capability to the experimental methods in studying both bTBI mechanisms and the effectiveness of protective armors. The mathematical model provides physical quantities such as pressure, stress, deformation, strain, and energy, which can provide a more complete understanding of the various possible pathways of blast energy transmission to the brain.

This complementary computational-experimental effort involves several elements including a virtual human head with a helmet, instrumented physical head surrogate, and shock tube test facility. Experimental shock tube tests of the helmeted head surrogate provide benchmark quality data for model validation and are used to explore novel helmet designs. A biofidelic head surrogate has been developed, equipped with a military helmet and instrumented with pressure transducers to record the loading on the head in shock tube tests. CFDRC developed a multiphysics software tool, CoBi, for application in military medicine and soldier protection. CoBi integrates image based geometric modeling and meshing, FEM structures and biomechanics, blast wave gas dynamics and tissue injury. Our main contribution was the elucidation of several blast wave brain injury pathways, including wave focusing in ocular cavity regions, ear canals, the nasal cavity as well as shock focusing on the back of the head under the helmet. These findings are used to design next generation military helmets including helmet shapes, suspension system, and eye protection.
1.0
INTRODUCTION

In recent conflicts, Operation Iraqi Freedom (OIF) and Operation Enduring Freedom (OEF), improvised explosive devices (IEDs) are the preferred weapon of adversary combatants and terrorists [DePalma 2005, Hoge 2008, Okie 2005, Warden 2006, Ling 2009, Champion 2009]. The blast-induced traumatic brain injury (bTBI) has become a signature wound of recent military activities and terrorist acts. A recent RAND report estimates that 320,000 service members or 20% of the deployed force potentially suffer from TBI [Tanielian 2008]. Blast injuries are the number one cause of injury or death in Iraq and ~70% of wounded in action is caused by blast or explosion, of which ~62% result in TBI, and 85% of TBI’s are closed head injuries [Owens 2008, Hoge 2008, Wojcik 2010]. In contrast to previous conflicts, in which gunshot wounds were the primary mechanism of trauma and the nature of the injury was focal, the blast injury often results in distributed injury to various organs including extremities, lungs, ears, and most importantly, brain. Significant percentage of mild and moderate bTBI causalities involve loss of consciousness, yet show no apparent external wounds. The mechanisms of bTBI are not fully understood, and as a result it is difficult to develop personal protective equipment, helmets in particular, that could protect against bTBI. 

Head protection is a challenging task as it represents approximately 9% of the body area exposed in combat yet receives approximately 20% of all “hits” [Carey 2000]. Complete coverage and protection of a Soldiers head, with current technology, is not feasible for operational reasons, as a large part of the face and neck remain unprotected [Breeze 2011]. Factors involved in combat helmet design include: weight, shape, material properties for ballistic protection, balance, suspension, retention, fit and comfort, maintenance of vision and hearing, equipment and weapon compatibility, ease of modification, manufacturability, durability, disposability, and cost [Ivins 2007]. An increased role of head-mounted instruments will make the helmet design process even more daunting. Conventionally, military helmets have been designed to protect against impact and ballistic injuries. In such situations, military helmets are required to absorb part of the ballistic or impact energy in order to reduce head injury risk. Until recently, protection against a blast wave was not a major concern of helmet development programs. In the last few years, the U.S. Department of Defense (DoD) has initiated a significant research program to understand the mechanisms of blast brain injury and protection [Leggieri 2009]. Results of these studies will provide design guidelines for protection against bTBI. 

In the last three decades, the U.S. Army has developed and fielded two Kevlar-based combat helmets: the Personnel Armor System for Ground Troops (PASGT) helmet designed in the early 1980s, and the Advanced Combat Helmet (ACH) used by combat troops since 2003. Compared to the PAGST, the ACH has 8% less surface area, improved ballistic protection, and is 3.5 lbs lighter than the older model. The edges of the new helmet have been cut to improve vision and hearing and therefore, situational awareness. The latest ACH models use foam pads suspension for improved contact with the scalp and for better energy absorption and a four-point chinstrap retention system. Figure 1.1 presents examples of the current combat helmets.
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Figure 1.1: U.S. combat helmets: PAGST, ACH, LWH and 
head-mounted ACH with four-point chinstrap retention.

As seen in Figure 1.1, compared to the PAGST, the edges of the ACH helmet in the front and on both sides are shorter and straight. The offset above the ears has been slightly extended to enable improved hearing and for accommodation of communication and hearing protection devices. In the last few years the “sling suspension” has been replaced by set of seven foam pads to improved ballistic and blast protection. Figure 1.1 also presents a light weight helmet (LWH) used by the U.S. Marine Corps. It looks very similar to the PASGT, but is about 6 ounces lighter and has similar improvements as the ACH in materials, retention and suspension. Unlike the ACH, the LWH retains the slanted ridge in the front. At present, the Army is developing an improved combat helmet, the Enhanced Combat Helmet (ECH) that surpasses the capabilities of the ACH. It looks almost as the ACH, is a little bit thicker and is about 1 to 4 ounces lighter depending on the size. The ECH uses new type of protective material, an ultra high molecular weight polyethylene (UHMWPE) fiber composite, which significantly improve ballistic protection. 

The unprotected head ballistic bullet injury is almost always fatal. To prevent penetration by small projectiles, most military helmets are constructed with advanced fiber composite materials and have proper suspension around the human head. However, in several circumstances, the transient deformation of the composite helmet during a non-penetrating impact may also result in severe head injury. Severe injuries of the skull and brain can occur when the high speed projectile deforms the helmet and the indentation of the helmet shell impacts the skull at high speed, an effect known as “Behind Armor Blunt Trauma” (BABT). A risk of skull fracture exists when high contact pressures are experienced over a small area of the skull, which cause excessive bending stresses. The key aspect of mitigation of skull fracture risk is to distribute the contact pressure over a large area and to design energy absorbing pads. As the bullet is decelerated during the impact on the helmet, part of the energy absorbed by the helmet is transferred to the entire head in the form of rapid, typically angular, acceleration of the head. A typical AK 47 projectile transfers the energy on the order of several kilojoules to the helmet body in less than 1 ms [Sarren 2004]. Blunt impact to the head represents another significant injury threat to the combat Soldier. In blunt impact injury, a blow to the head or head impact generates contact forces, which may or may not generate head motion (translation or rotation). 

The padded suspension system, Figure 1.2b and c, currently used in combat helmets, has improved ballistic/blast energy absorption properties but deteriorated the thermal comfort performance in hot environments, a human factor that has to be considered to ensure helmet use. Because ambient air is the only “heat sink” of the head, it is important to maintain the active cooling of the head by thermal conduction and convection and by evaporative (sweating) cooling. In older sling suspension designs, such as in PAGST shown in Figure 1.2a, the free space between the scalp and the helmet enabled air circulation and afforded convective and evaporative cooling. If the helmet padding area is too big the head becomes thermally insulated which, in hot and humid weather may cause fatigue, dizziness and ultimately heat stroke.
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Figure 1.2: Military helmets suspension systems: (a) sling suspension in PAGST helmet, (b) foam pads 
in Gentex ACH helmet (2 front side pads removed), and (c) Team Wendy’s EPIC foam pad system.
We believe that the current foam pad suspension system can be improved and optimized to balance the requirements to maximize the mechanical energy absorption, reduce/eliminate head to shell contact after ballistic/blunt impact event and improve thermal energy management for better comfort. This can be achieved through better materials such as the rate sensitive functionally graded foams, acoustic/vibration metamaterials, and improved distribution and sizing of pads. 

Explosion blast waves, depending on the charge size and location, pose four threat loads to a human head: 1) shock wave and blast wind, 2) mechanical impact of sharpness and debris, 3) translocation of the human body in air and impact on the ground or solid structures, and 4) explosion fireball. Most complex and least understood is the shock wave - human head/helmet interaction and role of the helmet in protection against bTBI. Some of the pertinent questions that scientists and designers of future helmets have to address are:

· How are the blast energy and impulse transmitted to a helmeted head and brain?
· Is the shock wave diffracting under the helmet and is it reflected/focused on the head?
· Is “face-only” exposure to blast loading sufficient to case TBI and can visors reduce that risk?

· What is the role of concave cavities of the head (eyes, nose, ears) on shock wave transmission to the brain?

· What is the frequency spectrum of the blast wave entering the brain through a helmeted head?
· Can we design helmets with better blast protection to the head without sacrificing comfort and other protection factors? 

The CFDRC-USAARL team has developed a software framework, CoBi, and computational models of helmeted heads to better understand the blast wave -head/helmet interaction and to analyze and develop novel helmets and head protection armor [Przekwas et al 2006, Phelps et al 2009, Przekwas 2010]. The results of these studies showed that current helmets attenuate the potential of bTBI compared to unprotected heads, and that shock waves diffract under the helmet, reflect from the concave helmet wall, and “focus” on the back of the head. It was found that the current helmet padding system attenuates but does not eliminate this effect and that a redesign of the current padding could further reduce this effect. We have also shown that concave cavities of eyes, and to some degree nose, also act as shock wave focusing and amplifies overpressure and suggested that an eyewear or a visor system could significantly attenuate that effect and reduce the risk of eye and brain injury. Since then several other teams have reached similar observations and conclusions.

Combined experimental and computational studies by Mott [2008] used a C4 explosive charges (0.75 kg to 5 kg) detonated 3m from a Hybrid III test manikin wearing a helmet showed that the helmet protects the head against primary blast injury and that the pressure waves entering the gap between the helmet and the head focused on the side of the head away from the blast. Computational simulations of both kinetic impact and blast wave loads on an oversimplified human body and helmeted head have been reported by Moss et al. [Moss et al 2009]. Authors represent the human head as a hollow ellipsoid “filled up” with elastic brain and the cerebrospinal fluid (CSF) layer. In addition to anatomical simplifications authors assume the CSF as an elastic deformable structure with tensile stress trapped to 1 bar below atmospheric pressure (hard vacuum) to avoid “cavitation-like effects” and associated numerical difficulties (see Figure 3a in Moss 2009 paper). Two key observations are 1) the diffracted blast wave (‘underwash’) beneath the helmet with a webbed suspension is much higher than the external pressure on the helmet and padded suspension reduced this effect, 2) a blast wave causes the skull “flexure” wave which creates localized high and low pressure regions in the brain casing brain injury. The first observation is similar to those reported by Mott [2008] and Przekwas [2006, 2009] but the propagation of the underwash wave front is different than in the other two reports. In Moss et al paper (Figure 4) the underwash diffracted wave front moves as fast (or faster) than the external shock wave. In Mott's and Przekwas' simulations the diffracted wave under the helmet moves slower than the external shock. It is difficult to explain this discrepancy because typically diffracted shock waves propagate slower than free shock waves. Experimental tests are planned to further understand the mechanisms of the helmet underwash and wave focusing phenomena. The second observation, the skull flexure, predicted using an idealized ellipsoidal head phantom has yet to be validated experimentally and verified by independent high-fidelity simulations. High fidelity Finite Element (FEM) based simulations of a helmeted human head have also been reported by MIT team lead by Dr. Radovizky [Nyein 2010]. The authors used a visible human anatomical head model and padded ACH helmet with and without the faceshield covering the face and ears. The blast conditions used in their simulations correspond to a free air explosion of 3.16 g TNT at 0.12 m standoff distance, producing an incident overpressure of 10 atm but a very thin shock wave. The peak pressure of such a spherical shock wave decreases by a factor of 7 [Moss 2011] as it traverses the head, not representative of shock waves observed in combat blast injury scenarios. The main conclusion of the paper that the faceshield attenuates the brain injury agrees with our simulations presented in this paper. Another recent FEM simulations of a blast wave interaction with the ACH helmet with padded suspension (but no retention) placed on a human skull has been reported by Grujicic et al [2010]. Two spherical explosives are analyzed: 70g of TNT a standoff distance of 0.6 m producing peak overpressure of 5.2 atm and 320g of TNT at 0.6 m generating 18.6 atm peak overpressure. The authors do not report under the helmet shock wave diffraction and the main conclusion is that the "ACH provides some level of protection against all investigated types of mTBI and that the level of protection increases somewhat with an increase in blast peak pressure". Several other DoD sponsored teams are also working on computational and experimental analysis of combat helmets with improved protection against bTBI blast of combat helmets. Results of these projects are discussed at the DoD Brain Injury Computational Modeling Expert Panel Meetings organized by the DoD Blast Injury Research Program Coordinating Office, Fort Detrick, MD. 
In practice, military helmets are designed based on costly and time consuming laboratory ballistic tests, firing range, and forensic data [Becker 1998, Brozoski 2006]. Until now advanced medical imaging and computational modeling tools have not been adequately utilized in the design and optimization of military helmets. The goal of this work is to develop high fidelity computational tools, representative virtual and physical surrogate (phantom) human head models and experimental procedures that could help in the design of next generation helmets with improved blast and ballistic protection. 

2.0
Model of A Human Head and Helmet

For blast wave experiments and simulations it is essential to have detailed anatomical models of the human head, the helmet, and the helmet suspension and retention systems. The anatomical human head (a preferable whole body) model is used to generate 3D computational mesh for blast wave loading and biomechanics simulations. The head/neck mesh model should enable easy “embedding” within the blast wave or shock tube domains. In addition, for validation of the simulation results, it is imperative that the surrogate models used for experiments are exactly the same as the computational models. In this section, the various models developed and in use at CFDRC are described.
2.1
Anatomical Geometry Model of a Human Head
Figure 2.1 illustrates the image-based software “pipeline” for generation of 3D computational geometry and meshes from CT/MRI scans. The anatomical geometry model includes of the brain, CSF, skull, and face/neck tissues. A computational mesh using geometry-adaptive Cartesian mesh with polyhedral cells next to solid surfaces and interfaces is created around the head and within the various head tissues. Once the head geometry/mesh model is completed, a suitable helmet geometry/mesh is added, mesh blending is applied and blast simulations can be performed. Figure 2.1 shows the model generation process using imaging data from the NIH Virtual Human Project.
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Figure 2.1: From CT/MRI scans to anatomically correct virtual head/helmet models.
An important but overlooked anatomical detail in computational models of blast brain injury is proper treatment of facial, nasal ocular and cranial bone structures. Figure 2.3 shows two example CT scans of the nasal and ocular cavities for an 18-year-old male with clear demarcation of air filled sinuses and a very thin bone in the nasal olfactory and near the eye socket. These anatomical structures may be very important pathways of blast wave transmission to the brain. At this point, it is unclear if this plays a role in bTBI.
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Figure 2.3: CT-Scans of 18-year-old male nasal and ocular 
cavities. Courtesy of Prof. J. Zinreich (Johns Hopkins U.).
2.2
Geometry/Mesh Model of a Military Helmet and a Human Head
CFDRC obtained the LWH surface geometry CAD data in IGES and STEP formats, Figure 2.4. The data was used to create the 3D solid meshing-ready geometry of the helmet with topological subdivision to create good quality block structured (hexahedral) meshes for FEM simulations. The helmet pads were modeled separately and later combined with the LWH. An arbitrary mesh interface between pads and inner helmet surface is generated. This allows us to evaluate different pad sizes, materials, and pad configurations within a given helmet shell. Fitting a virtual helmet on a virtual human head for biomechanical simulations is a complex task [Tan 2011]. We experienced difficulties in fitting the LWH geometry/mesh on the Virtual Human head (the head is too large). New, good quality head and brain geometry was acquired with a smaller head size that fitted well in the helmet geometry, and a computational mesh was generated for blast wave and biomechanics simulations, Figure 2.4. 
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Figure 2.4: CAD surface of the LWH and integration of foam pads in the LWH model.
3.0
Physical Surrogate Model of a Human Head 

The virtual head models can be used to create physical surrogate of the human head for experimental studies. One of CFDRC’s earliest surrogate head phantom prototype design for TBI research has a brain immersed in a CSF within the skull and an anatomical scalp/face of a human, Figure 3.1. The brain contains yellow marker points to show any movement/deformation of the brain inside the head. Because the head cranium was too rigid for shock tube tests the model has not been used for experimental tests. 

In collaboration with Applied Research Associates (ARA), a mechanical head/ear phantom was designed and developed for blast induced hearing loss studies. The HYBRID III head and neck were adapted. The head phantom was machined to place two anatomical ear phantoms into the head, Figure 3.1. Both ear mounts are modular, so different pressure transducers can be mounted around the ear and within the air canal with minimal changes to the model. 
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Figure 3.1: Examples of human head phantoms developed by CFDRC and CFDRC-ARA team.

The CFDRC-ARA team has used the adapted head phantom equipped with the ACH to conduct experimental tests in a shock tube. The helmet was instrumented with several pressure probes, Figure 3.2, and mounted on the head/neck assembly. The complete head/neck/helmet test article was inserted into a shock tube and exposed to various shock waves with varying shock strength and head orientation. The results of this study are currently analyzed and will be presented in a separate publication. 
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Figure 3.2: Human head/neck phantom wearing ACH helmet in a shock tube. Heads design, fabrication, instrumentation and experiments performed by ARA Inc. in collaboration with CFDRC [Przekwas 2011].

4.0
Simulation Results

In this work, we used CFDRC CoBi code for blast wave and head/helmet biomechanics simulations. This section presents results of parametric simulations of a blast wave interaction with a human head without and with a protective helmet, to study the role of helmet in the TBI protection.
4.1
Front and Side Blast Wave Impact on a Soldier’s Head

We simulated the blast shock wave propagation around the Soldier’s head with and without the protection of helmet. The two computational meshes for a visible human are shown in Figure 2.1. 

Front Impact
We present two test cases for a free head and head with a helmet without pads. The blast wave was initiated in front of the head, Figure 4.1, with the blast center set about 2.5 m away from the face. The shock wave field was analytically initialized such that the wave front at the start of computation was about 0.03 m away from the face and/or helmet. The pressure at the wave front was approximately 1.6 MPa. The head and/or helmet boundary surfaces were stationary. For both simulations, a total time span of 1.0 msec was simulated with a time step of 0.5 μsec. Figure 4.1 shows the pressure plots for head and helmeted head at four time instances. Right after the shock wave hit the face and helmet, the pressure increased dramatically and continued increasing until it passed the eye areas. The maximum pressure value was over 18 MPa, which is more than 10 times the initial wave front pressure. After that, the pressure started to decrease and reached the value of about 6 Mpa when it passed over the ears. As seen in these figures, the pressure value is comparable for both cases. No significant differences were observed except that the helmets did protect the Soldier’s forehead well. Note that, for the case with helmet, the wave diffracted under the helmet (underwash). 
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Figure 4.1: The shock wave interaction with a human head without and with the helmet. Note the wave 
focusing in the convex eye cavities and in the ear and wave diffraction under the helmet (underwash).

When the shock waves diffracted around the unprotected head, seen in Figures 4.1c and 4.1d, the three wave fronts colluded (top and two sides), creating a high but very short pressure spike behind the head. In a helmeted head, as shown in Figures 4.1g and 4.1h, the shock wave continuously diffracted under the helmet as it traversed the head and the most direct entry was in around the ear region where the ACH has an extended standoff distance. The underwash shock wave reflected from the concave surface of the helmet and “focused” back on the head with pressure levels reaching 6 to 10 MPa. 
Similar front blast wave simulations have been conducted for a young male wearing a helmet without pads, Figure 4.2. The first frame shows that the main blast wave moved over the helmet whereas the diffracted wave was delayed in time. On both sides of the helmet (where helmet standoff is widest) the fronts moved relatively quickly. The last two timeframes show a high pressure area near the back of the head under the helmet, similar to Figures 4.1g and 4.1h. 
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Figure 4.2: Blast wave diffraction, reflection and focusing 
under the helmet for a young male head with a helmet.
Side Impact
Here we present simulation of a blast wave impact from a side on a human head without and with a helmet. Figure 4.3 shows the pressure plots at selected time instances when the shock wave front propagated through the head from the side of unprotected and helmeted head. Right after the shock wave hit the face, the pressure increased dramatically around the ear and continued increasing until it approached the eye and nose areas. The maximum pressure value was over 20MPa, which is more than 10 times of the initial wave front pressure. As it can be seen, the pressure at the eye area is not as high as in the case of front impact. It can be seen in Figure 4.3 (right) that the diffracted wave entering under the helmet was delayed behind the free shock front. As in the front impact, the focused reflected pressure wave formed on the back side of the head. 
	[image: image36.png]7 P
e 4E+008

4E+0D!

3SE+008

SE+Q06

2.5E+006

2E+008

iy

15£+008

y 1E+006

SE+0D5

293E+0D4





	[image: image37.png]P

4E+005
4E+005

35E+006:

3E+006

2.5E+006:

\ 264006

- 1.5£+006

¥ 1E+008

= SE+005

1E4005






	[image: image38.png]P
2E+007

2E+0D

1.8E+007

16£+007

1.4E+007

1264007

14007

BE+006

6E+006

4E+006

2E+006

1E+005





	[image: image39.png]P

11E+007

11E+00

1E+0D7

SE+006

BE+006

7E+006

6E+006

SE+006

4E+006

3E+006

2E+006

1E+006

1E4005





	[image: image40.png]P
1E+007

11E+0D

1E+007

IE+006

SE+006

7E+006

6E+006

SE+Q06

4E+006

3E+006

2E+005

1E+0D8

298E+0D4




	[image: image41.png]




	[image: image42.png]



	[image: image43.png]H\\.“H

|

|

|

»LHLH»HM

|

P

\

|

\

[ 1







Figure 4.3: The shock wave interaction with a human head without and with the helmet for the side impact.
4.2
Blast Wave on Soldier’s Head with a Padded Helmet

To analyze the role of helmet pads on the under-helmet diffracted shock wave we included helmet pads under the LWH. In this case, we assumed that the pads were tightly pressed against the inner surface of helmet and outer surface of the head, that is, the shock wave and the air flow can only pass through the gaps between the pads. The strap was also immovable relative to the chin. Figure 4.4 shows the sequence of pressure plots for three selected time instances. It has been noticed that the helmet pads partly reflected the shock wave back and partly transmitted it under the helmet through the gaps between the pads. The pressure levels in the underwash were much lower compared to pad free helmet (shown in Fig 4.3). The maximum pressure in this case was located in the narrow space between the top round pad and side pads. 
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Figure 4.4: Shock wave propagation through the soldier’s head and a padded helmet at different times.

As mentioned earlier, the addition of helmet pads improved the situation for high pressure region near the back of the head, as it attenuated the collision of diffracted waves under the helmet. However, a negative implication of the current helmet pad layout is the location of those pads right near the eyes and ears. The blast wave reflection near the eyes and ears tends to increase the pressure near those areas, see figure 4.5. 
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Figure 4.5: Increased pressure in eye and ear region do the blast wave reflection of helmet pads.
The current helmet pad layout seems optimized for passing drop tests for blunt impact. Other helmet pad layouts could optimize performance for incoming blast wave exposure, while still maintaining drop test performance. Sophisticated helmet pad and foam modeling tools could help in optimizing blunt impact performance while the pad layout can be optimized for blast wave performance, and thermal wearing comfort. CFDRC has made tremendous progress in modeling helmet pads and foam materials in CoBi software. This software can be used as a virtual “drop test” system in which foam materials and layout are designed before they get tested. Figure 4.6 shows an example of a virtual drop test experiment.
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Figure 4.6: The computed maximum displacements on the pad surface. The compression 
of front blunt impact (about 70%) is deeper than the side blunt impact (about 60%).

In Figure 4.6 we show the maximum displacement on the pads during a virtual drop test. It can be seen that the maximum compression of the front impact was higher than the side impact, which explains why the maximum deceleration for side impact was about 20% higher than the front impact. In other words, to maximize the energy absorption and lower the maximum deceleration for both the front and side impacts, we should optimize the helmet pad system by using different foam materials according to the pad location, for example lowering the foam stiffness for the side pads. 

To better understand the role of the pads in a helmet, we extracted the pressure time traces from the simulation for various locations near the head surface as shown in Figure 4.7. Figure 4.8 presents the time history of blast pressure on the same locations on the head with helmet and without helmet. The pressures at the exposed areas like ears, eyes and nose were quite similar for both cases. Since the head was facing the incoming blast, the reflection from the inner concave surface of helmet increased the pressure level around the back of head, compared to the one without the helmet on, Figure 4.8. Since the reflection from the helmet made the pressure much higher at the back of the head, the head injuries were more likely taking place. At areas like the forehead, and the gap between side pads, without much reflection from the helmet, the presence of the helmet decreased the overpressure and provided the protection for the head beneath.
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Figure 4.7: Locations of pressure monitor points.
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Figure 4.8: Pressure profiles at front and back of head with helmet (left) and w/o helmet (right). 
With the helmet on, the pressure at the glabella is 50% lower, but the 
pressure at the occipital area is almost 10 times larger.
4.3
Protection of Eyes and Ears
Besides traumatic brain injury protection, protection of eyes and ears during a blast wave exposure is essential for the Warfighter. Computational simulations were performed for a front impact of a blast wave on a young male wearing a helmet, Figure 4.2, without and with protecting visor. Figure 4.9 shows pressure contours near the ears and the eyes for a case without visor. The pressures near the ears and eyes were much higher than the pressure on the surrounding areas. High pressure areas can be seen on the helmet (close to the ears) as well. High pressure areas near eyes were due to concave eye socket regions. An interesting area is the LWH lip near the eyes which may cause a shock reflection close to the eyes, see figure 4.9d. To minimize these effects future helmet designs should incorporate measures to reduces or limit the pressures on the eyes.
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Figure 4.9: High pressure on ear and eye regions during blast wave exposure. Figure (a) shows pressure on ear region, (b) shows pressure on helmet near ear region, (c) shows high pressure areas near eyes, and (d) shows effect of LWH lip on blast wave reflection near eyes.
To observe how a visor or some other face protection could improve the performance of a helmet in a blast environment, two different types of visors were modeled and added to the LWH.  Figure 4.10 shows a full and partial visor that we added to the LWH. Each of these helmet/visor combinations were subjected to a frontal blast wave, and the results are graphically shown in Figure 4.10.
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Figure 4.10: LWH with half and full visor explosed to frontal blast wave. 

It is clear from Figure 4.10, that a visor plays an important role in reducing the blast pressure on the eyes and on the ears. Surpisingly, the half visor gives almost as good protection as the full visor. A well-designed helmet with visor exposed to a frontal blast provides significant reduction in pressure on the eyes and ears.  We observed that the pressure was reduced eighy times by adding the visor to the helmet and the ear region experienced a pressure reduction of up to six times. For eye protection, the full and half visor performed similarly, but for ear protection the full visor performed significantly better than the half visor (factor of 3 times). In summary, adding a visor to the helmet helps to protect the Warfighter from blast exposure.
4.4
Modeling the Primary Blast Injury Biomechanics of a Helmeted Head 

To study the role of a helmet in the TBI protection, we first used the CoBi code flow module to simulate the blast impacting the helmet and Soldier’s face as shown in Figure 4.11. We then conducted the FEM structural dynamic (biomechanics) analysis using CoBi FEM module with the external loading obtained from the blast wave simulations. Figure 4.11 shows the pressure profiles on the head and on the helmet. It can be seen that the helmet was initially pushed against the forehead due to the direction of blast (Figure 4.11 left). After the shock front passed behind the helmet, the helmet moved upwards since the air pressure trapped underneath of the helmet was much higher than the helmet outer surface, Figure. 4.11 right. The predicted upward movement of the helmet under frontal blast impact qualitatively matched the experimental observations. 
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Figure 4.11: Blast wave pressure loads on a young male wearing a padded helmet.
To study how the helmet protects against the blast brain injury, we developed a 3D computational model integrating the human head and a helmet with suspension pads and the retention system. The head model includes: skin, skull, CSF, and brain (Figure 4.12). 
The mechanical contact conditions are defined between the pads, the head surface, harness, and the face. The helmet retention harness was modeled with the solid-shell formulation. To fasten the harness, we used the tied interface between the upper end of harness and inner surface of the helmet, and between lower part of the harness and the chin. 
All of the material properties for the solids used in biomechanics simulations are as follows:
	
	Young’s modulus (Pa)
	Poisson’s ratio
	Mass density

	Helmet
	1E11
	0.3
	1650

	Pad
	
	
	80

	Harness
	1e9
	0.3
	2000

	Facial tissue
	1e8
	0.4
	400

	Skull
	7e9
	0.22
	1500

	CSF
	
	
	1000

	Brain
	
	
	1040


The density of facial tissue is decreased to account for the cavities such as ear canal and nasal inner space. The brain is assumed to be the viscoelastic material 
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The pad is modeled with the hill’s hyperelasticity with 
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The CSF is modeled with the equation of state of water with the cavitation correction.

Selected results from primary blast brain injury biomechanics simulations are shown in Figure 4.12. The horizontal displacements of the head and helmet are shown in Figures 4.12a and 4.12b. Note that all displacements were negative (this means from anterior to posterior) and that the red color indicates lower and blue higher displacement. Early in blast loading, the head moved a little but the softer face tissue, eyes in particular, displace significantly. The helmet pads in the front are compressed most during the initial loading, Figure 4.12c. It is interesting to observe how the soft helmet pads protected the skull and the brain as seen in Figure 4.12c. Note lower stress levels in the skull just beneath the padded regions, Figure 4.12c. Figures 4.12e and 4.12f show the pressure wave propagation in the brain. As the blast loading progressed, high pressure levels and pressure gradients moved from the brain frontal lobe to parietal lobe. 
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Figure 4.12: Modeling the primary blast injury biomechanics of a helmeted head. a-b)The helmet movement induced by the over pressure from the preceded flow analysis, c) effective strain 
on pad, d) Von-Mises stress on skull surface, e-f) pressure on the brain surface.

Figure 4.13 presents the time history of pressures and strains at various locations in the brain. The intracranial pressure (ICP) was quite high in both the tension and compression in Figure 4.13a. One possible reason is that the coarse mesh density for the brain may over-predict the pressure field. Similar to our previously reported 2D blast-head study [Przekwas et al 2009], the maximum strains in the brain are moderate (Figure 4.13b), which indicates that the high level of pressure wave may be the cause of the resulting brain injury.
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Figure 4.13: Pressure wave in various locations of brain. m: middle; b : bottom; t : top; 
mr: middle right; ml: middle left; a : front; p: back  of brain. The minimum 
negative pressure is on the back of brain due to the stretch.
5.0
CONCLUSIONS

This paper presents comprehensive analysis of the protective role of military helmets against blast brain injury. A complementary computational-experimental framework is being developed for model based design of head protection armor. The computational model development effort involves several elements including anatomical/geometric models of a human head, models of military helmets and high-fidelity computational tools for coupled blast wave and biomechanics simulations. The software tools, CoBi, partly developed in this program, provide unique fluid-structures interaction capability needed for modeling blast, ballistic and blunt brain injury. A complementary experimental effort developing physical surrogate models of a human head and a shock tube facility for testing head protective armor is in progress. The experimental shock tube tests of the helmeted head surrogate provide benchmark quality data for model validation and are used to explore novel helmet designs. 
The paper presents detailed analysis of several blast wave brain injury pathways, including wave focusing in ocular cavity regions, ear canals, the nasal cavity, shock wave diffraction under the helmet as well as shock focusing on the back of the head under the helmet. Direct comparison of blast wave simulations for an unprotected human head and helmeted head suggests that current military helmets protect against bTBI and identifies potential design improvements, such as helmet shapes, suspension pads, and eye protection that could be incorporated in future helmet designs. However further experimental and computational studies are necessary for more definite assessment of helmet protection against bTBI and for improvement of military helmet designs. 
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