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Linking Helmet Protection to Brain Injury

injury and brain physiological tolerance must be linked to 
the magnitude of the transfer of force or other mechanical 
parameters—from the impact to the helmet onto the head 
and into the brain. 

For helmeted service personnel, nonpenetrating injuries 
may be caused by local contact of the deforming undefeated 
helmet onto the head/underlying skull or from more regional 
helmet/head contact with forces transmitted through the 
helmet webbing or padding to the skull (Bass et al., 2003). 
These forces may result in direct, local deformation of the 
skull and translation and/or rotation of the head, leading to 
brain injuries. Some mechanisms of brain injury, such as 
abrupt acceleration changes of the body due to an impro-
vised explosive device (IED) blast or a paratrooper hard 
landing, are not necessarily attenuated by helmets, but the 
injury mechanisms are likely similar to injuries from blunt 
head trauma. Blast pressure stress from IEDs and artillery 
can directly or indirectly transmit pressure fields to the head 
that result in shear stresses in the brain (Panzer et al., 2012; 
Shridharani et al., 2012a).

The subject of this chapter is the right side of Figure 10-1. 
The committee presents what is known (and the gaps) about 
brain injury tolerances relative to current standards of helmet 
protection. This is an essential component in determining 
how much the helmet must attenuate the impact force to 
prevent brain trauma. Box 10-1 provides a glossary of terms 
used in this chapter.

10.2  BRAIN INJURIES

Types of Nonpenetrating Brain Injuries

Blunt trauma can lead to various types of brain injuries, 
ranging from concussion, hemorrhaging, hematoma (blood 
clots), skull fracture, anoxic injury (lack of oxygen), and 
diffuse axonal injury or DAI (damage to the brain neurons). 
Table 10-1 provides a listing of 13 major categories of brain 
injuries and potential causes.

10.0  SUMMARY

The relationships between helmet deformation and brain 
injury are not well known. Most of the studies in biomechani-
cal engineering and medicine are related to sports and vehicle 
collisions, and these investigations are based on a different 
range of stresses and stress rates from those encountered in 
the battlefield. The aim of this chapter is to present infor-
mation on what is known, and the gaps, about the linkage 
between brain injury and current battlefield threats. The 
major finding is that helmet protection from penetration 
and backface deformation (BFD) greater than a particular 
value does not protect the brain from occurrence of many 
categories of tissue injury. Recommendations that can help 
focus research range from determination of the prevalence 
of reversible declines in hormonal function years after brain 
trauma to acceleration of research in computational modeling 
and simulation that can show shear stress fields associated 
with the known spectrum of threats and the protective capa-
bilities of helmets. 

10.1  INTRODUCTION

The transmission of stress to the brain from any substan-
tial impact on the head can lead to traumatic brain injury 
(TBI). Acute brain injury, even mild injuries, may severely 
influence or restrict military operational capabilities, and 
long-term consequences will have an impact on individual 
quality of life. 

The effects on brain function depend on the magnitude 
and direction of the force impacting the head. Therefore, it 
is important to understand linkages between blunt trauma 
and brain injury and how the helmet attenuates the effect of 
the impact (see Figure 10-1). For example, it is known that 
for lower severity ballistic or blunt inputs, the transfer of 
momentum and rate of change of momentum (force) from an 
impact can be sufficiently attenuated by the helmet to prevent 
brain tissue injuries. Thus, an understanding of brain tissue 
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Many of these injuries are caused by differential motions/
strains within the soft tissues of the brain. The motion of the 
surface of the brain against the bony structures of the head 
leads to tissue contusions, vascular tears, and hemorrhages. 
These initiating injuries may degrade brain function through 
various mechanisms such as the restriction of blood supply or 
damage to cells. It is thought that compression (hydrostatic) 
alone is not an initiating cause of tissue injury unless it results 
in shear stress. (See Panzer et al., 2012, for results with high 
rate blast impacts.)

Quasistatic compression as high as 50 MPa (7300 psi) or 
more does not result in injury to mammalian cells (Grundfest, 
1936). Nerves and blood vessels are susceptible to stresses 
with strain tolerances usually less than 10 to 20 percent for 
functional failure of neural tissues such as neurons/axons/
glia and probably less for some arterial networks (Margulies 
and Thibault, 1992; Smith et al., 1999). 

The susceptibility of the brain to shearing forces, and 
its very high incompressibility, may lead to contusions or 
hemorrhaging at the surface of the brain. Rotational accel-
eration and change in acceleration cause blood vessel rup-
tures leading to bleeding between the brain covering (dura 
mater) and the skull with the result of increased intracranial 
pressure. Bleeding may also arise in the space between the 
dura mater and the brain (subdural hemorrhage). Injuries 
associated with the rapid acceleration and deceleration of 
the head result in forces that produce stretching and tearing 
of axons (causing DAI). Such strains and potentially large 
pressure or stress waves in small blood vessels can lead to 
small hemorrhages (petechial hemorrhages) deep within the 
brain. Even when not life threatening, such injuries have the 
potential for delayed injury, including local brain swelling, 
as well as long-term consequences with symptoms persisting 
many years after the initial brain injury. 

Important and frequently undiagnosed effects include 
alterations in microcirculation that can lead to hypoperfusion 
or regional vasospasm with the result of inadequate delivery 
of vital metabolites to neural tissue. These mechanisms are 
believed to contribute to the short-term as well as long-term 
effects from ballistic helmet hits, head collisions, and expo-
sures to high-intensity blasts. Other long-term effects from 
brain trauma may include declines in hormonal function 
related to disruption of the pituitary gland (e.g., growth hor-
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FIGURE 10-1 Linkages between the force of the impact, how the helmet attenuates it, and resulting brain injuries.

TABLE 10-1 Categories of Brain Injuries

Categories 

  1 Direct contusion of the brain from skull deformation or fracture 
  2 Brain contusion (including coup) from movement against interior 

surfaces of the skull
  3 Indirect (countercoup) contusion from mechanical response of the 

brain opposite the side of the impact
  4 Reduced blood flow due to infarction or pressure-based occlusion
  5 Disruptive and non-disruptive diffuse axonal injury from shear 

stresses
  6 Tissue stresses and strains produced by motion of the brain 

hemispheres relative to the skull
  7 Subdural and epidural hematomas produced by rupture of bridging 

vessels between the brain and the dura mater
  8 Pressure-based rupture of small blood vessels leading to petechial 

hemorrhages
  9 Strains beyond material tolerances of nerves and blood vessels
10 Vasospasm resulting in diminished blood flow
11 Trauma induced hypopituitarism
12 Perturbations in brain biochemistry functioning with pathologic 

signs and symptoms long after the injury
13 Temporary or permanent changes in visual, verbal, and motor 

functioning
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BOX 10-1  
Glossary

Blast 	 Detonation of liquid or solid explosive material results in the generation of gaseous products in the pressure range of 
150,000 atmospheres or 1.5 billion Pascals (1.5 GPa) and temperature of 3000 Kelvin.

DTI 	 Diffusion tensor imaging—a MRI method that maps the magnitude of water diffusion in different directions. The 
method gives a value of diffusion anisotropy (DA), which will decline if the normal orientation of fiber in white 
matter is disrupted by edema or tears, for example.

Epidural hematoma 	 Collection of blood from rupture of vessels between the brain dura mater and the skull.

FEM 	 Finite element modeling—a computational system that provides the means to simulate the effects of forces on 
structures such as the skull and brain tissues.

fMRI 	 functional magnetic resonance imaging—fMRI is similar to MRI, but the image gives information regarding blood 
flow changes in the brain after some stimulation.

G or g 	 Symbol for the acceleration of gravity magnitude of 9.8 m s-2.

Hypopituitarism 	 Dysfunction of the pituitary organ manifested by low secretion of hormones such as ACTH, growth hormone, thyroid 
stimulating hormone, oxytocin, vasopressin, etc.

J 	 Joule is energy or force times the distance over which force acts. It is the unit for kinetic energy defined as mass 
times velocity squared/2.

kPa 	 (kiloPascal) is a unit of pressure equal to a 1000 Pascals (10 kPa is 1 atmosphere of pressure).

Momentum 	 Defined as the product of mass and velocity. The rate of change of momentum is force.
MRI 	 Magnetic resonance imaging

N 	 Newton is the unit of force or the product of mass times acceleration.
NHTSA 	 National Highway Traffic Safety Administration. 
National Institute 	 This standard, designated “0101.04” stipulates the maximum deformation a soft armor vest can undergo without
of Justice Standard 		  penetration is 44-mm as measured in a clay substrate after a live fire test of the armor.

PET 	 Positron emission tomography—an imaging method that uses radioactive tracers that specifically target proteins 
and other functions of the body. It differs from SPECT in the types of tracers used and the characteristics of the 
instrumentation.

Pituitary organ 	 A 7-mm diameter organ suspended on a stalk from the base of the brain into a well at the floor of the skull. It secretes 
9 hormones into the bloodstream in response to stimuli from the hypothalamus also at the base of the brain. These 
hormones include growth hormone and thyroid stimulating hormone.

Shear modulus 	 The ratio of the tangential force per unit area to the angular deformation in radians. 
Strain 	 The fractional change in a physical dimension of matter in response to stress. It is frequently given as a percentage 

(e.g., 5 percent) and can be over 100 percent.
Stress 	 The force per area or volume with dimensions of newtons per meter squared or Pascal. 
Stress waves 	 Compression waves in a material due to an impulse or sudden load change.
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mone and thyroid function deterioration) and the occurrence 
of abnormal proteins in the brain years after trauma. 

Some data on injury thresholds exist for low-rate skull 
fracture, concussion, and diffuse axonal injury. But these 
have been derived from animal and human studies using 
experiences from vehicle collisions and laboratory experi-
ments with stresses and rate of change of stress (i.e., strain 
rate) much lower than those associated with projectile and 
blast threats in the battlefield. Thus, a translation of these 
low-stress-rate data from animals, physical models, and 
mathematical simulations to the ballistic blunt trauma case 
is not expected to be reliable. As a consequence, design of 
protection from typical military threats is compromised 
because we do not know the injury thresholds. 

A study by the Institute of Medicine found evidence for 
association between TBI and various disorders that included 
adverse social-functions, endocrine dysfunction, depression, 
aggressive behavior, and dementias for moderate or severe 
TBI (Ishibe et al., 2009). Further, concussion is no longer 
accepted as a threshold for diagnosis of potential brain 
trauma. Modern diagnostic methods reviewed in Appendix F 
show signatures of mild TBI (mTBI) unrelated to presence 
of concussion. 

Once the acute medical events are treated, current clini-
cal practice is not capable of effectively enhancing natural 
recovery or diminishing long-term effects after the blunt 
trauma (Giza et al., 2013). Thus, the best approach is protec-
tion from blunt brain trauma. This chapter presents relevant 
physiological and biomechanical aspects of blunt trauma, 
the state of knowledge regarding injury tolerances, and per-
spectives on detection of mTBI through noninvasive imag-
ing. Current noninvasive methods of brain injury detection 
are in Appendix F. Aspects of helmet design and the threat 
characteristics are given in Chapters 2 and 3.

Historical Data 

TBI can result from a number of events: falls, motor vehi-
cle accidents, bicycle accidents, collisions, blast exposure, 
and blunt head trauma in the battlefield. More than 5 million 
Americans alive today have had a TBI, and the associated 
medical care cost is around $56 billion per year in the United 
States. Cognitive, communicative disabilities and social 
behavior abnormalities as well as medical complications, 
such as hormonal deficiencies that affect functioning of the 
brain, thyroid, and gonads, are prevalent in survivors of TBI. 

Figure 10-2 shows the annual incidence of TBIs in war-
fighters during the period 2000-2011.1 It is likely that the 
increasing numbers of mild and moderate TBI relative to 
severe TBI may be partly attributable to greater awareness 
of TBI risk among military clinicians (Okie, 2005; Warden, 

1Armed Forces Surveillance Program information available at http://
semanticommunity.info/Binary_at_LandWarNet_2011/Defense_and_
Veterans_Brain_Injury_Center_Site_Map/DoD_Worldwide_Numbers_for_
Traumatic_Brain_Injury. Last accessed on January 31, 2014.

2006). During this period, 220,430 service members had 
sustained TBI, with 169,209 classified as concussion/mTBI 
(Kelly et al., 2012). In a study of 3,973 soldiers who served 
in Iraq, 23 percent percent had a clinician-confirmed history 
of TBI (Terrio et al., 2009). In a separate study, mTBI in 
soldiers deployed in Iraq was found to be strongly associated 
with posttraumatic stress disorder and depression (Hoge et 
al., 2008). The deployment of magnetic resonance imaging 
methods to the evaluation of brain injury related to blast 
exposure of warfighters (Mac Donald et al., 2011; Yeh et al., 
2013) can potentially provide a refinement in diagnoses of 
brain injury in warfighters exposed to non-concussive blast 
and blunt trauma events. However, in one study white matter 
injuries were not revealed by magnetic resonance diffusion 
tensor imaging (DTI) on veterans with mTBI, despite their 
symptoms of compromised verbal memory (Levin et al., 
2010).

10.3  HEAD AND BRAIN INJURY TOLERANCES

Brain response and brain injury tolerances are not well 
established for high-rate impacts such as those from BFD or 
blasts (Bass et al., 2003, 2012; Rafaels et al., 2012). 

Head Injury Tolerance Standards for Vehicle Collisions

Early work on low-rate blunt trauma brain injury toler-
ance (Gurdjian et al., 1966; Ommaya and Hirsch, 1971; Ono 
et al., 1980) emphasized that acceleration of the head and the 
time duration of the acceleration are important parameters 
for assessing injury severity (Prasad and Mertz, 1985). Such 
criteria are in wide use in the automobile impact community 
(FMVSS-208, EuroNCAP), but the injury risk functions 
using these parameters have not been universally accepted. 
The most widely used criterion is known as the Head Injury 

Figure 10-2, �xed

FIGURE 10-2  Incidence of traumatic brain injury classified by 
severity for warfighters. SOURCE: DoD Worldwide Numbers for 
Traumatic Brain Injury, http://semanticommunity.info/Binary_at_
LandWarNet_2011/Defense_and_Veterans_Brain_Injury_Center_
Site_Map/DoD_Worldwide_Numbers_for_Traumatic_Brain_
Injury. 
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Criterion (HIC) severity index. Although it is widely used, it 
is recognized as inadequate to fully explain brain injury out-
come (Versace, 1971). For military helmets, HIC and similar 
concepts incorporating global skull rotational parameters 
(e.g., Newman et al., 2000) assume rigid body motion of the 
head/brain system and do not incorporate local deformations 
that may be crucial for assessing the injury potential from 
ballistic impacts (Bass et al., 2003). 

Some measures based on internal stresses and/or strains 
have been proposed as the injury criteria for the brain (e.g., 
Stalnaker et al., 1971; Takhounts et al., 2003). However, 
there is still no universally acknowledged criterion, and 
the situation today is much the same as that articulated by 
Goldsmith (1981):

Thus, the state of knowledge concerning trauma of the hu-
man head is so scant that the community cannot agree on 
new and improved injury criteria even though it is generally 
admitted that present designations are not satisfactory. Mini-
mally, there is an urgent need to differentiate skull fracture 
and mechanical and/or physiological damage to the central 
nervous system, with a replacement of a critical acceleration 
level for the former by a limiting stress value.

In the past 30 years, experimental data and models have 
been accumulating from animal, cadaver, physical models, 
and computational modeling and simulation studies (dis-
cussed later in this chapter). With further research, these data 
and models can lead to injury risk evaluations such as those 
done for the risk of a skull fracture for 9-mm bullet impacts 
to the helmet as detailed below. A goal is to determine the 
injury risk function for the major brain tissue injuries of 
Table 10-1 relevant to militarily relevant injuries such as 
those associated with BFD and blunt and blast neurotrauma.

Recommendation 10-1. There is an urgent need to establish 
stress and stress rate or other parameters as metrics for cat-
egories of brain tissue injuries from ballistic and blast-based 
head exposures.

Nonmilitary Helmet Protection Standards

There have been major advances in blunt head protection 
over the past 30 years. Some of these advances are be due 
to widespread use of helmets in athletics and the subsequent 
reduction in both frequency and severity of head and neck 
injuries. Many improvements in helmet technology have fol-
lowed from the development of standardized test methodolo-
gies based on mechanical blunt impact injury criteria. The 
Advisory Group for Aerospace Research and Development 
(AGARD) Report AR-330 lists 29 blunt impact test standards 
(AGARD, 1996), and each of these standards has some form 
of translational impact acceleration limiting criterion. Of 
these standards, 19 are based on acceleration or force peaks 
alone, and 10 are based on acceleration/duration levels. The 

levels specified in these standards range from 150 to 400 g, 
with more recent standards tending to the 150 g peak limit.

Studies of football impacts suggest that an acceleration 
standard of approximately 80 g should be used to provide 
protection below the threshold for changes in menta-
tion (Duma, et al., 2005). Other relevant results include: 
the Advanced Combat Helmet standard (CO/PD-05-04), 
which is based on the motorcycle helmet Federal Motor 
Vehicle Safety Standard-218 (49 CFR Sec. 571.218); and 
the National Operating Committee on Standards for Athletic 
Equipment and standards incorporating the International 
Standards Organization headforms. Virginia Polytechnic 
Institute’s star rating system for helmets2 involves extensive 
impact tests and risk analysis to establish a rating for com-
mercial football helmets.

These criteria are based, in part, on underlying assump-
tions that are not realistic, especially for military use with 
ballistic protective helmets. The first is that the head acts 
as a rigid body so that acceleration or some derivative may 
be correlated with injury and that head injury of any type is 
associated with skull fracture (Hodgson and Thomas, 1973). 
Previous studies show a poor correlation between skull 
fracture and brain injury (Viano, 1988). For ballistic BFD 
injuries, local deformations invalidate the rigid body assump-
tion, and injuries seen from BFD are not well correlated with 
acceleration-based measures. 

10.4  BRAIN TISSUE INJURY: EXPERIMENTAL 
RESULTS

Over the past 70 years, researchers have attempted to 
understand the relationships between head, skull, and brain 
injury mechanisms and blunt trauma using cadavers, physical 
models, animals, and computer simulations. This has been 
stimulated largely by the automobile industry in an effort to 
improve vehicle occupant safety. More recently, sports inju-
ries have triggered international efforts to improve helmet 
protection and to make measurements on human subjects 
involved in collision sports. Currently, there is no satisfactory 
experimental model that can produce the complete spectrum 
of brain injuries that are seen clinically while also being suf-
ficiently well controlled and quantifiable for defining brain 
injury tolerances. Some data do exist for the stress associated 
with skull fracture, but this is only part of the spectrum of 
short- and long-term consequences of ballistic impacts to the 
helmeted soldier, and the low-rate tests generally available 
may not be applicable to ballistic impacts.

Early Investigations of Mechanisms

In the early 1940s, investigators proposed that brain injury 
from skull fractures was from intracranial pressure. However, 
physical studies using photoelastic models of the head dem-

2Additional information is available at http://www.sbes.vt.edu/nid.php. 
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onstrated that the likely cause of diffuse brain injury is from 
tissue strains induced by rotational acceleration of the head 
(Holbourn, 1943). This was confirmed by Gurdjian et al. 
(1955). The investigation of the relative roles of translational 
and rotational accelerations using more elaborate experimen-
tal models of the subhuman primate led to the conclusion that 
diffuse injuries to the brain occurred only in the presence of 
head rotational motion (Gennarelli et al., 1972; Gennarelli 
and Thibault, 1989; Ommaya and Gennarelli, 1974). Diffuse 
brain injuries occurred at lower angular deceleration levels as 
the pulse duration increased (Gennarelli and Thibault, 1989). 

In coronal plane rotational acceleration, the critical shear 
strain associated with the onset of diffuse axonal injury was 
about 10 percent, and the rotational acceleration threshold 
for severe diffuse axonal injury was about 16,000 rad/sec2 
(Margulies et al., 1990). Inertial loading alone to the head 
can cause DAI, which is an important cause of fatality or 
late onset of disabilities due to head injury (Gennarelli et 
al., 1972). 

Modern Experimental Investigations of Injury Criteria

To simulate the impact response of the human, the auto-
motive industry developed the Hybrid III 50th Percentile 
Male anthropometric test device (ATD) in the early 1970s. 
Originally developed by General Motors, the ATD is now 
regulated by the National Highway Traffic Safety Admin-
istration (NHTSA) in conjunction with the committees 
from the Society of Automotive Engineers. It has become 
a validated tool for the evaluation of automotive impacts 
and can accommodate a wide range of instrumentation and 
transducers. It is also robust enough for repeated ballistic 
experiments (Bass et al., 2003). 

A collaborative effort between Natick laboratories, 
DRDC-Valcartier, and the University of Virginia (UVA) 
led to the development of a ballistic version of the Hybrid 
III head augmented with impact pressure sensors (Bass et 
al., 2003). The UVA headform is shown in Figure 10-3a. 
Instrumentation for the Hybrid III head and neck region 
consisted of three linear accelerometers and angular rate 
sensors at the center of the ATD headform and six-axis 
upper and lower neck load cells. Using the Hybrid III 
headform modified to accept surface pressure sensors, the 
pressure measurements at various locations were recorded, 
analyzed, and compared to human cadaver results (e.g., 
Bass et al., 2003). Injury metrics assessed using this head-
form include force/pressure, the HIC injury criterion, and 
the National Institute of Justice Neck Injury Criteria. The 
force/pressure results correlated well with injury in the 
paired cadaver model, while HIC was poorly correlated 
with injury. This concept has been recently modified in a 
rigid headform with regional loadcell sensing under the 
ballistic impact by Biokinetics (Figure 10-3b).

Figure 10-3 �xed

FIGURE 10-3 (a) The University of Virginia’s Hybrid III head 
model used for laboratory simulations and measurements. (b) Bio-
kinetics headform variant of the Hybrid III headform for ballistic 
impact. SOURCE: Courtesy of Biokinetics and Associates, Ltd.

a.

b.
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Modern Football Helmet Instrument Data versus 
Concussion Symptoms

In the early 1970s, head-bands of suspension-style foot-
ball helmets were instrumented with an accelerometer and 
electroencephalogram system (Moon et al., 1971; Reid et al., 
1974) that allowed records from a single player at a time. 
Around 2000, hockey and football helmets were instru-
mented with three-dimensional accelerometers, and these 
measurements gave an average of 29 g from 158 impacts 
from high school athletes with no observed symptoms of 
TBI. Addition of video analysis and dummy reenactments 
allowed laboratory simulations and measurements of head 
acceleration, although there are substantial limitations in 
inferring accelerations directly from video (Newman et al., 
2005; Pellman et al., 2003). Velocities and changes in veloci-
ties were interpreted from video recordings, and threshold 
values for concussion were given based on analyses simulat-
ing the video impacts with the Hybrid III dummy headform. 
These studies did not clear up potential distinction between 
injuries from rotational and translational accelerations 
(Genarelli and Thibault, 1989; King et al., 2003). But it is 
important to note that: (1) purely translational or rotational 
accelerations of the head are not likely for a head tethered 
to the inertial mass of the body (King et al., 2003); and (2) 
even purely translational acceleration of the head produces 
rotational behavior in the brain tissue, and purely rotational 
excitation of the brain produces local translational behavior 
in the brain tissue. Thus, the debate regarding the severity 
of rotational acceleration versus translational acceleration 
brain trauma is largely artificial and is based on a rigid body 
view of the head.

Actual measurements of direction and magnitude of 
head accelerations football players receive became avail-
able when sensors and telemetry units were provided to 
multiple players using an in-helmet 6-accelerometer system 
that transmits data via radio frequency to a sideline receiver 
and laptop computer system (Duma et al., 2005). Using this 
commercial system, a risk of sustaining a concussion for a 
given impact was derived from data collected from 63,011 
impacts including 244 concussions (Rowson and Duma, 
2013). Both linear and rotational accelerations as well as the 
combination of linear and rotational accelerations were used 
in the derivation of a concussion risk function. The predictive 
capability of linear acceleration was about the same as that 
for the combined probability.

A study of the linkage of impact severity was done on high 
school football players using cognitive tests and magnetic 
resonance imaging (MRI) before and after two seasons of 
football while wearing accelerometer instrumented helmets 
(Breedlove et al., 2012). A relationship was found between 
the number of impacts and cognitive tests and the number 
of hits and functional MRI changes (see also Talavage et 
al., 2013). It is expected that an expansion of these types of 
study will improve the development of head injury criteria 

TABLE 10-2 Brain Injury Criteria and Median Values for 
Concussion for Low-Rate Blunt Impact 

Brain Injury  
Criteria

Median Values  
for Concussion Source

Energy 22-24 J Denny-Brown and 
Russell (1941)

Power 13 kW Newman et al. (2000)

Strain 0.2 Bain and Meaney 
(2000); Morrison et al. 
(2003)a

Strain x strain rate 30 s-1 Viano and Lövsund 
(1999)

Stress (von Mises) 6-11 kPa Shreiber et al. (1997)

Cumulative strain 
damage measure

0.55 Takhounts et al. (2003)

Strain energy density 0.8-1.9 kJ/m3 Shreiber et al. (1997)

Pressure 173 kPa Ward et al. (1980)

	 a Strains less than 0.15 can cause diffuse axonal injury.

Brain Injury/Concussion Risk/Thresholds 

Concussion is a symptom of the state of awareness or 
consciousness and is not a category of pathological brain 
tissue injury. The linkage between a diagnosis of concussion 
and a specific brain injury has been the subject of controversy 
among neurologists and neurosurgeons since the mid-1920s 
(Saucier, 1955). For example, one cannot say to what extent 
structural damage, such as vascular ruptures or neuronal 
strains, cause loss of consciousness. What have been defined 
experimentally are the relations between stress and animal 
consciousness over a limited range of stress rates that have 
not included the rates associated with a high-velocity, ballis-
tic, nonpenetrating hit to a helmet. The threshold for concus-
sion increases as the duration of impact decreases (Guardjian 
et al., 1955). See Table 10-2 for the median concussion levels 
trauma given in dimensions of energy, power, and pressure. 

The criteria for concussion in the animal laboratory stud-
ies reflected in most of the studies of Table 10-2 are much 
different from concussions diagnosed in sports, vehicle col-
lisions, falls, and battlefield events. The majority of concus-
sions do not result in a loss of consciousness. In particular, 
for sports injuries, a concussion is diagnosed if the athlete is 
confused, complains of dizziness, headaches, blurred vision, 
or sensitivity to light, sound, or odors or by the physical signs 
of motor coordination dysfunction (cf. Appendix F). Ninety-
five percent of high school football concussions did not 
involve loss of consciousness (Meehan et al., 2010). In the 
battlefield, a diagnosis of mTBI or equivalently “concussion” 
involves a protocol called Military Acute Concussion Evalu-
ation (MACE). This examination is given as soon as possible 
after a warfighter has been exposed to blast, projectile blunt 
trauma, or vehicle collision. It measures orientation, recent 
memory, concentration, and memory recall.
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and clinical evaluation techniques as well as enhance return-
to-play decision making.

Military helmet sensor instrumentation programs in the 
United States were initiated in 2008 in order to collect battle-
field data that could then be used by medical epidemiologists 
as well as design and manufacturing communities to improve 
design. These data should help significantly in the quest to 
understand the linkages between stresses on the helmet and 
brain injuries.

Skull Fracture 

Modern ballistic protective helmet materials (McManus 
et al., 1976; Carey et al., 2000) can deform sufficiently so 
that the backface of the helmet contacts the head, potentially 
causing head injuries (Bass et al., 2002). Potential injuries 
include both depressed and long-linear skull fractures and 
closed-head brain injuries. Substantial work has been done 
on skull fracture injury, especially at low rates, but most of 
it is not directly applicable to military helmet injury criteria.

Skull fracture is a measure of head injury that can be 
related to the forces applied and thus can provide one of 
the needed links between level of protection and threats. 
But most of the existing measurements are restricted to low 
velocities and large impact areas (Yoganandan et al., 1995; 
Bass and Yoganandan, 2013) and have limited relevance to 
the goal of linking battlefield threats to required protection 
for head and brain injury protection. 

Whatever is known is based on cadaver measurements 
of skull fracture and recordings from internally placed pres-
sure sensors and accelerometers. The mechanical properties 
of stiffness, force deflection, and energies to fracture were 
measured on 12 unembalmed cadaver skulls (Yoganandan et 
al., 1995) at low rates typical of blunt trauma from conven-
tional falls and vehicle crashes. Impact loading at 7 to 8 m/s 
revealed failure loads of 6.4 kN (±1.1) and energies averag-
ing 33.5 J (±8.5). Quasistatic loading at 2.5mm/s showed 
failure at 12 mm (±1.6). Variability was great in all param-
eters with, for example, a range of stiffness of 467 to 5,867 
N/mm. Delye et al. (2007) found skull fracture energy level 
in the range of 22 to 24 J for dynamic loading of the cadaver 
head having one degree of freedom. A human cadaver study 
of fracture thresholds for 37-mm diameter projectiles of 25 
to 35 g gave force values of 6 kN for the forehead, 1.9 kN 
for the mandible, and 1.6 kN for the zygoma (Viano et al., 
2004). Impact stress values for the adult skull are given as 
43 MPa (Ommaya et al., 2002) and are age and size related.

Two series of ballistic impact tests used human cadaver 
heads with protective helmets (Bass et al., 2003). These tests 
used UHMWPE helmets with 9-mm full-metal-jacket test 
rounds under various impact velocities to 460 m/s (1,510 
ft/s). Measurements taken from cadavers with and without 
skull fracture show no correlation with existing blunt trauma 
injury models based on the Wayne State Concussive Toler-
ance Curve or similar concepts, including HIC. For the skull 

fracture tests, the calculated injury assessment value was 
well below the usual low-rate blunt trauma injury reference 
value. Further, there was no obvious association of accelera-
tion-based responses to the occurrence of BFD and fracture. 
This study developed injury criteria for both test round 
velocity and cadaver peak-impact pressure. For this injury 
risk function, there is a 50 percent risk of skull fracture for 
a peak impact pressure of 51 MPa as measured by the force/
strain instrumentation (Figure 10-4). Using a simple velocity 
correlation between the dummy and cadaver, a dummy injury 
risk function is developed that has a 50 percent risk of skull 
fracture for dummy peak impact pressure of 15,220 kPa. 
This injury risk function may be used with a general helmet 
and the Hybrid III dummy discussed earlier in this section.

Automobile injury criteria, including the HIC, were not 
found to be a good predictor of cadaveric injury. Skull frac-
ture from ballistic BFD is an intrinsically high rate event. 
Energy is deposited locally, and local skull deformations 
are significant. Use of HIC requires essentially rigid body 
motion of the head at relatively low rate compared to bal-
listic events.

Finding 10-1. Most of the experimental work that links 
brain injury to blunt trauma is related to vehicle collisions 
and football collisions. The data from these studies are not 
directly relevant to BFD and blast TBI because the rate of 
momentum change is higher and contact times shorter for 
military TBI situations. 

Brain Intracranial Pressure and Edema

Symptoms from intracranial pressure (ICP) increases can 
be acute and an immediate consequence of the stress wave 
from blunt trauma to the brain or transmitted pressures from 
trauma delivered to remote parts of the body. The experimen-
tal data that link ICP elevations to blunt trauma to the surface 
of a helmet or surrogate protective material come from a 
limited number of experiments that used live animal models, 
cadavers, and physical models (Engelborghs et al., 1998; 
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FIGURE 10-4 Instrumented cadaver head. SOURCE: NRC (2012).
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Shridharani et al., 2012b; Rafaels et al., 2012; Sarron et al., 
2004). The models differ in characteristics, and the ballistic 
trauma mechanism varies from dropping masses from vary-
ing heights in order to vary the velocities of projectiles (e.g., 
9-mm rounds from 300 to 800 m/s). These types of data can 
be used to extrapolate a threshold for ICP elevation versus 
armor characteristics and threat velocity. Although there are 
limitations in animal model biofidelity with human skulls, 
these types of experimental data are needed to better assess 
brain injury tolerances and risk levels for defined threats. 
Some models, although illustrative of the sequence of events 
after brain trauma (e.g., occurrence of edema, blood brain 
barrier changes, ion concentration variations), are difficult 
to interpret relative to the ballistic threats and even collision 
impacts as they use impactors systems of low velocity (3m/s) 
and poorly or undefined energy or force metrics (e.g., Cernak 
et al., 2004).

Brain Shear Stress and Diffuse Axonal Injury

Diffuse brain injury from low-rate traumatic impacts to 
the head results in both destructive and nondestructive axo-
nal injury. Destructive axonal injury was first described for 
cases of collision-based injuries leading to limited periods 
of survival with autopsy findings of disrupted white mat-
ter tracks and normal grey matter (Strich, 1956, 1961). It 
is unknown whether such injuries can arise from ballistic 
BFD. Morphological studies of axonal injuries using non-
human primates subjected to head acceleration have shown 
that shear forces create varying degrees of axonal damage, 
including fragmentation. Nondisruptive or reactive axonal 
injuries manifest over long time periods and are ascribed to 
axonal membrane damage. It is now recognized that animal 
models do not reflect the spatial and temporal patterns of 
axonal injury in human brains (Maxwell et al., 1997; Bain 
and Meaney, 2000). 

Margulies and Thibault (1992) is one of the most detailed 
experimental and modeling studies relative to thresholds of 
brain injury, and it showed that a combination of a peak rota-
tional acceleration of more than 10 krad/s2 and a peak change 
in rotational velocity of more than 100 rad/s causes diffuse 
axonal injury. These criteria are proposed to be valid only 
for pure rotational accelerations, but the experimental model 
incorporates translational accelerations about the brain center 
of gravity and the effect of these accelerations is uncertain. 
Lower injurious risk levels for rotational acceleration were 
proposed by others (Ueno and Melvin, 1995; Meaney et al., 
1995). Thresholds for human brain injuries from Margulies 
and Thibault (1992) are shown in Figure 10-5.

Animal studies, physical model experiments, and analyti-
cal model simulations have been employed to determine the 
critical tolerances in terms of strain (relative elongation) and 
deterioration in function (Gennarelli et al., 1972; Lewis et 
al., 1996; Bain et al., 2001). Based on animal studies, the 
strain tolerance for frank axonal injury that may lead to DAI 

occurs when neuronal axons are stretched by more than 
about 20 percent. The results from simulations presented 
in the discussion of modeling and simulations later in this 
chapter show maximum strain levels of 14 percent and lower 
(from 9-mm rounds) at 360 m/s striking helmets (Aare and 
Kleiven, 2007). However, it is not clear if these thresholds 
are safe for injury effects that might manifest years after 
the injury. 

The threshold for nondisruptive axonal damage of 15 
percent has been suggested by Maxwell and associates 
(Maxwell et al., 1997). But it is not clear that the 15 percent 
strain criterion should be an important benchmark, because 
tissue tolerance of the hippocampus and brainstem might be 
much lower, and the strain criteria are expected to be stress-
rate dependent. Computational models and simulations 
can explore the structural strains of simulated brain tissues 
related to physical variables of a ballistic or blast impact 
(e.g., acceleration, stress rate, stress duration, etc.). But an 
important point is the understanding that nondestructive 
axonal damage can be the major cause of the high prevalence 
of posttraumatic stress syndrome months and years after 
brain trauma. 

A summary of the current status of mechanisms, symp-
toms, and possible treatments of DAI is now available from 
the May 2011 workshop hosted by the National Institute of 
Neurological Disorders and Stroke (Smith et al., 2013).

Figure 10-5, �xed

FIGURE 10-5 Thresholds for diffuse axonal injury based on non-
human primate rotational acceleration experiments and scaling 
through computational modeling to human brain masses of 500 g 
(thick solid curve), 1,067 g (solid curve), and 1,400 g (dotted curve). 
Regions to the upper and right of each curve are regions of diffuse 
axonal injury. SOURCE: Reprinted from Margulies and Thibault 
(1992) with permission from Elsevier.
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Biological Response of Cells Exposed to Mechanical 
Forces 

A key aspect of defining tissue tolerances is to describe 
the pathophysiological activation of cellular biochemical 
cascades that produce delayed cell damage and death. This 
can be accomplished by measurements of the consequences 
of mechanical injuries on living brain tissue through observa-
tions of cell viability and tissue biochemical changes using a 
tissue culture model of rapid stretch induced injury (Ahmed 
et al., 2000) or pulse pressure pulse exposure TBI (Morrison 
et al., 2003). Stretch-induced injuries associated with about 
30 percent strains alter mitochondrial membrane potential 
and cellular bioenergetic molecules, as shown by chemical 
assay methods applied at various times after injury (Ahmed 
et al., 2000). Strains and strain rates can be precisely applied 
and responses measured by fluorescent imaging and immu-
nostaining, including cell death quantification (Morrison et 
al., 2003). Cellular energy metabolism perturbations have 
been shown through standard molecular biology studies 
using in vitro and in vivo shock tube models of blast-induced 
TBI (Peethambaran et al., 2013). Blast exposures resulted 
in significant decreases in neuronal adenosine triphosphate 
levels at 6 h post-blast that returned towards normal levels 
by 24 h. 

Finding 10-2. There are no data on axonal injuries from 
backface deformation. Also, currently there is no method to 
detect if diffuse axonal injury has occurred from head trauma 
in the battlefield.

Recommendation 10-2. Methods including blood sampling 
and brain imaging should be explored for feasibility of early 
detection of diffuse axonal injuries.

Evidence for Differential Motion of the Brain and Skull 

A mechanism for many consequences of rapid accelera-
tions and decelerations is the shearing caused by differential 
motion between the skull and local brain tissue. Typical 
injuries include contusions and meningeal hematomas seen 
in automobile accidents. The first definitive study of brain 
motion after a traumatic skull impact was done on live sub-
human primates using a Lucite cover over the skull vertex. 
Blunt trauma was applied by a pneumatic impactor, and 
observations were made with cinephotography (Pudenz et 
al., 1946). These authors also provided a detailed review of 
theories and observations from the late 1800s regarding brain 
motion as well as contusion and hemorrhage mechanisms.

Although experimental studies demonstrate motion 
between brain and skull, little data exist regarding the base of 
the skull. Experiments on human subjects used MRI tagging 
techniques to show that the brain rotates relative to the skull 
(Kleiven and Hardy, 2002). Relative brain-skull displace-
ments of 2 to 3 mm in some areas of the brain for induced 

linear and angular accelerations of 1.5 g and 120-140 rad s–2, 
respectively. These accelerations are orders of magnitude 
less than those associated with concussions. Small displace-
ments were found in regions having brain-skull connections. 
Strain fields seen in this study exhibited significant areas with 
maximal principal strains of 5 percent or greater at these 
low experimental accelerations. Simple head flexion causes 
cerebellum rotation of a few degrees and a downward motion 
of up to 1.6 mm of the brain stem (Ji et al., 2004).

Hemorrhage: Petechial Disruption, Subdural Hematoma, 
and Epidural Hemorrhage

There are three principal types of internal vascular dis-
ruptions from shear stresses and rotational accelerations 
that cause shear strain on small and large blood vessels and 
lymphatics: petechial, subdural, and epidural hemorrhages. 

Petechial hemorrhages can occur throughout the brain 
and give evidence of shear strain as well as a pressure-based 
disruption of capillaries and arterioles. The pressure can be 
from a remote stress such as a blunt trauma to any part of 
the body and possibly from blast stresses of high intensities 
(NRC, 2012). These hemorrhages appear as blood extrusions 
of a millimeter or less in diameter in the midbrain, but they 
can be extensive throughout the brain. They are not recog-
nized as a clinical entity unless they disrupt sensory or motor 
functions of the brain. But they can cause some compromise 
of brain function and perhaps play a role in progressive brain 
deterioration. They can be detected by high-field MRI if the 
proper MRI pulse sequence is used. Subdural hemorrhages 
leading to subdural hematomas occur in the space between 
the dura (the outer cover over the brain) and the arachnoid 
space.

Epidural hemorrhages are bleedings from ruptured vessels 
between the skull and the outer layer of dura. The build-up 
of blood causes an increase in pressure within the intracra-
nial space, with subsequent compression of brain tissue and 
obstruction of the flow of blood and cerebral spinal fluid. 
This is associated with particularly serious brain injury 
because 15 to 31 percent of patients die of the injury (Leitgeb 
et al., 2013).

Pituitary/Hypothalamus Damage

The pituitary gland is a pea-sized gland suspended from 
a pedicle at the base of the brain. It is surrounded by a skull 
base bone structure whose saddle-shaped structure is known 
as the sella turcica (Figure 10-6). This gland secretes nine 
hormones, some of which control the secretion of other hor-
mones that are vital to growth and metabolism and whose 
dysfunctions have been related to disorders beyond metabo-
lism, including behavioral and affective disorders. Pituitary 
gland dysfunction has been inferred from the occurrence 
of hypopituitarism in victims of head injury from low-rate 
impact. 
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Chronic hypopituitarism, defined as deficient produc-
tion of one or more pituitary hormones at least 1year after 
injury, occurs in 40 percent of subjects who have sustained 
blunt brain trauma (Bondanelli et al., 2005). In contrast, the 
prevalence of hypopituitarism in the general population is 
estimated at 0.03 percent. As the hormones released from 
the pituitary are triggered by events in the hypothalamus, one 
cannot be certain of which tissue has been damaged. Growth 
hormone decreases develop in 15 to 20 percent of patients 
with complicated mild, moderate, or severe TBI and are 
associated with symptoms of posttraumatic stress disorder 
(Kelly et al., 2006; Powner et al., 2006). About 15 percent of 
TBI patients develop gonadal hormone deficiencies, and 10 
to 30 percent of them develop hypothyroidism. After brain 
trauma, the short-term decline in hormones can recover in 
some cases, but there is a high prevalence of long-term defi-
ciencies after severe TBI (Leal-Cerro et al., 2005; Agha et 
al., 2004). Chronic adrenal failure can occur because of low 
adrenocorticotropic hormone secretion from the pituitary in 
TBI patients. 

Most studies found the occurrence of posttraumatic 
hypopituitarism to be unrelated to injury severity. In the 
past 2 years, researchers have found that about 42 percent 
of veterans with blast injuries showed abnormally low levels 
of at least one of the pituitary hormones (Wilkinson et al., 
2012). Some veterans had abnormal levels of vasopressin and 
oxytocin, and these hormones are linked to psychological 
or behavioral abnormalities. It is not clear if this applies to 
ballistic BFD impacts.

Blood tests, some of which are complicated, can assess 
pituitary function. Positron emission tomography (PET) 
(Figure 10-6) and MRI, discussed in Appendix F, can 
noninvasively image metabolic function and structural 
abnormalities of the pituitary. MRI and PET can visualize 
anatomical and metabolic changes, respectively, as presented 
in Appendix F.

Recommendation 10-3. Modeling and simulation studies 
should incorporate the biomechanics of blunt brain trauma 
that affects the pituitary organ in the base of the brain in 
order to determine injury thresholds and tolerances for blunt 
trauma and for ballistic backface injuries. 

Recommendation 10-4. The medical community should 
institute a data collection program to determine the preva-
lence of hypopituitarism in warfighters relevant to ballistic 
and blast blunt trauma with appropriate warfighter controls. 

There is high prevalence of pituitary hypofunction in 
brain trauma from all causes. The recent discovery of low 
levels of pituitary hormones in TBI soldiers, coupled with 
the known replacement treatments for this disorder, mean 
that the medical community should launch a broad program 
of long-term periodic tests for veterans of head and blast 
injuries.

Neurobehavioral Effects from Traumatic Brain Injury

The linkages between the severity and frequency of blunt 
brain trauma to various physical injury classifications listed 
in Table 10-1 are the topics emphasized in this chapter. But 
there is another classification associated with brain trauma 
that has an association with TBI from all causes. Neu-
robehavioral changes include the specific neuropsychiatric 
syndromes of depression, mania, psychoses (e.g., paranoia 
and obsessive compulsive disease), aggressive behavior, and 
personality changes as well as cognitive decline. The causal 
associations have been debated for 100 years since the early 
papers on shell shock and also more recently because of the 
prevalence of psychiatric symptoms in veterans from wars of 
the past 70 years. Clear evidence of a causative relationship 
between negative neurobehavior and brain trauma has arisen 
in the past few years from pathological studies on athletes 
who have sustained TBI. Yet, despite some continuing skepti-

Figure 10-6, �xed

FIGURE 10-6 Left: The base of the human skull 
supports the bottom of the brain and the brain 
stem that descends through the large orifice in 
the center known as the foramen magnum. Right: 
Positron tomography of the uptake of ammonia-
13N in the normal pituitary. SOURCE: (Left) Im-
age provided courtesy of member Tom Budinger. 
(Right) This research was originally published in 
JNM. Xiangsong, Z., Y. Dianchao, and T. Anwu. 
Dynamic 13N-Ammonia PET: A new imaging 
method to diagnose Hypopituitarism. Journal of 
Nuclear Medicine. 2005;46:44-47. Copyright by 
the Society of Nuclear Medicine and Molecular 
Imaging, Inc.
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cism about the lack of objective studies, there is compelling 
evidence for associations between both behavioral and cog-
nitive disorders and TBI. From the vast literature of reports 
of psychiatric and cognitive evaluations of TBI subjects, two 
cited below have measures of the prevalence.

Depression, anxiety, and low self-esteem were the prin-
cipal disabilities in half of 360 head-injured individuals 
evaluated from the group who had survived for 7 years after 
an initial head injury (Whitnall et al., 2006). Another study 
showed the prevalence of depression is 6 to 39 percent with 
mTBIs (Schoenhuber and Gentilini, 1988). 

Cognitive impairments 10 years following TBI were 
found to be associated with injury severity using tests of 
attention, processing speed, memory, and executive func-
tion (Draper and Ponsford, 2008). Even mTBI patients may 
perform worse than controls on some tests of reasoning 
(Borgaro et al., 2003). Long-term effects of mild head injury 
approximately 8 years post injury included complex atten-
tion and working memory defects (Vanderploeg et al., 2005). 
Early-onset dementia in particular is frequently associated 
with head injury history (McMurtray et al., 2006). Repeated 
concussions have been linked to dementia (Guskiewicz et 
al., 2005) and chronic traumatic encephalopathy (McKee 
et al., 2009).

Finding 10-3. An increased prevalence of neurobehavioral 
abnormalities has been confirmed from many scientific 
evaluations of individuals involved in TBI incidents.

10.5  COMPUTATIONAL MODELING AND SIMULATION 

Computational modeling and simulation (M&S) has long 
been considered an invaluable tool for analyzing engineering 
systems in a wide range of technology areas. Recently, M&S 
has also been used effectively in the broad field of injury 
biomechanics and to a limited extent in the evaluation and 
design of force protection systems. 

M&S can provide a quantitative description of the rel-
evant physical system response that can be used to assess 
system performance and inform potential improvements. 
Significant effort has been devoted in the past several decades 
to developing the basic science, algorithms, simulation soft-
ware, and hardware infrastructure to meet this goal. How-
ever, owing to the unique complexities associated with the 
interplay between the physics and biology of injury, the full 
potential of M&S in understanding of injury biomechanics 
and the design of protection systems is yet to be realized. 

Analytical and computational modeling of ballistic perfo-
ration of materials has been exhaustively reviewed up to 1978 
(Backman and Goldsmith, 1978) with an update 10 years 
later (Anderson and Bodner, 1988). More recent reviews 
are provided by King et al. (1995). But the biomechanics 
of blunt trauma to tissues is a major added complexity to 
M&S because of the need to incorporate biophysical and 
biomedical parameters.

This section of the chapter, on linkages between a bal-
listic or blast threat and brain injury, is directed toward the 
important role of computational models, as it is through this 
tool that one can equate needed protection from brain injury 
to helmet design. One principal value of M&S in human 
injury biomechanics is its ability to obtain information in 
situations in which it is fundamentally impossible to conduct 
in vivo tests on the actual system (the human), although 
postmortem testing is possible using human cadaver tests. 
This approach may be supplemented by in vivo testing in 
animal surrogates to understand force effects on the human 
body and possible ways to mitigate them. There are cases in 
which this approach has provided useful insights into injury 
biomechanics such as blast lung injury criteria (Bass et al., 
2008) and to develop test equipment for vehicle collision 
tests against tissue injury criteria. However, as discussed in 
this report, in the particular case of military helmets, evalu-
ation and acceptance protocols are based exclusively on tests 
that use head surrogates with poor biofidelity. 

It is therefore clear that M&S can play a significant role 
both in improving understanding of injury biomechanics and 
in guiding the design of protective systems with enhanced 
injury mitigation performance. Analytical approaches 
include mathematical modeling and computer simulations 
using advanced constitutive models and coupled fluid-solid 
mechanics. In the past, these approaches have been chal-
lenged as inadequate because of limitations in the fidelity 
of the computer simulations, realism of the tissue material 
properties, and the lack of validation.

Computational Simulations of Brain Injuries from Blunt 
Trauma

Ten years ago NHTSA developed a Simulated Injury 
Monitor (SIMon), based on a finite-element head model. 
This tool uses vehicle-dummy-head kinematics as an input 
and estimates the probability of three types of injuries: dif-
fuse axonal injury, contusions, and subdural hematomas 
(Takhounts et al., 2003). This system is intended for vehicle 
crashes, and it is unclear how the results might apply to bal-
listic BFD injuries. 

SIMon has been upgraded and recently did evaluations 
using input from instrumented helmets on professional 
football players (Takhounts et al., 2008) and vehicle col-
lisions (von Holst and Li, 2013). A finite element model 
of the human head described the dynamic response of the 
brain during the first milliseconds after the impact with 
velocities of 10, 6, and 2 m/s, respectively. Their simula-
tions show what is called a dynamic triple maxima sequence: 
(1) strain energy density, (2) intracranial pressure, (3) the 
first principal strain. Limitations of the NHTSA simulation 
system include limited spatial fidelity, uncertainty in brain 
material properties, and limited incorporation of potentially 
important brain structures such as the hippocampus and the 
amygdala. For example, the relative motion of the brain and 
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skull is not modeled well with current computational model 
mesh sizes that do not provide the opportunity for insertion 
of the anatomy and material properties of vessels and tether 
points between the brain and the inner table of the skull. For 
example, the tensile strength of the dura material is much 
larger than brain tissues.

Simulations of Brain Strains from Ballistic Impacts on 
Helmeted Head

Finite element simulations to determine expected skull 
and brain tissue injuries from ballistic BFD trauma were 
performed in Sweden (Aare and Kleiven, 2007). These were 
performed using a validated human head and brain model as 
well as a model of the coupling between helmets of various 
stiffnesses and the head, so that tissue trauma parameters 
could be assessed based on the ballistic kinetic energy (ca. 
518 J) of an 8 g, 9-mm bullet impact and angle of impact. 
The trauma parameters measured were stress in the cranial 
bone, strain in brain tissue, pressure in the brain, change in 
rotational velocity, and translational and rotational accelera-
tion, as shown in Figure 10-7.

Computational Simulations of Brain Injury from Blast

Recent efforts in computational modeling of traumatic 
physical effects on the central nervous system have focused 
on blast-induced TBI. A reason for this effort is the need to 
resolve the controversy regarding the mechanism for brain 

injury dating from World War I when soldiers with neurologi-
cal and neuropsychological symptoms were labeled “shell 
shocked” (cf. Bass et al., 2012). The linkage between symp-
toms and blast exposures is not the subject for this chapter, 
but the role of the helmet and face shield in mitigating the 
strain field is of great importance.

Several papers (including Moore et al., 2009; Chafi et al., 
2010; Panzer et al., 2011; Przekwas et al., 2011; Nyein et al., 
2010; and Sharma and Zhang, 2011) developed human head 
models from medical imaging data to study the interaction 
of blast waves with the head, including various anatomical 
structures resolved to various scales. Work still remains to 
be done on material properties, especially at blast-different 
stress rates (Panzer et al., 2012), but the body of this work 
suggests that blasts are a plausible cause of TBI, including 
the potential for axonal injury at various locations within 
the brain. 

It has been clearly demonstrated that blasts can lead to 
the development of significant levels of pressure, volumetric 
tension, and shear stress in focal areas on a short time scale 
and that stress patterns are dependent on the orientation of 
the blast wave and the complex geometry of the skull, brain, 
and tissue interfaces (Taylor and Ford, 2009; Moore et al., 
2009; Panzer et al., 2012).

A numerical and experimental investigation into the 
effects of low-level blast exposure on pigs used a two-
dimensional pig head model that consisted of a skull model 
(Teland et al., 2010). They found that the blast wave propa-
gates directly through the skull and that the orientation of 

Figure 10-7 �xed

FIGURE 10-7 Principal strains in simulated brain material from projectile-induced kinetic energy striking a helmet at two angles. Blue is 
0 percent, green is 2 percent, and red is >4 percent. SOURCE: Reprinted from Aare and Kleiven (2008), with permission from Elsevier. 
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the head is important. Another study constructed a better 
computational pig model consisting of skull, brain, cerebro-
spinal fluid, dura, and pia using computed tomography and 
MRI data (Zhu et al., 2013). The researchers found high 
pressures in the frontal and occipital regions, possibly due to 
wave reflection at the skull/brain interface. Examining strain, 
they found that the highest strains of 1.7 percent were in the 
brainstem, and the lowest strains of 0.2 percent were in the 
center of the brain. They also found that strains within the 
skull were two orders of magnitude lower than the strains 
within the brain and that the maximum deflection of the skull 
was less than 0.5 mm. 

Very-high-resolution anisotropic models have been 
developed MRI T1 relaxation weighting and DTI with a 
three-dimensional, biofidelic finite-element volume mesh 

to conduct simulations of the stress and strain distributions 
after a frontal force of 7 kN impulse of 2.75 ms (Kraft et al., 
2012). They then used a damage model based on data from 
rat experiments to predict cellular death based on axonal 
strain and strain rate. The temporal and occipital regions 
had the largest values of axonal strain and thus the highest 
amount of cellular death. Four days after injury, 19.7 percent 
of the network edges were fully degraded, but the network of 
axons remained intact. This type of analysis is new to blast-
induced injury research and offers a promising route to con-
nect biomechanical response to neurophysiological insight. 
It is unclear, however, what the brain material properties 
and detailed network behavior are in this basis, because the 
underlying experimental work has not been done.

Figure 10-8 �xed

FIGURE 10-8 Computational simulations of the protective effect of the Advanced Combat Helmet (center column) and face shield (right 
column) show a significant attenuation of the transmitted pressure field when compared to the unprotected head (left column). SOURCE: 
Nyein et al. (2010).
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Figure 10-8 shows results from large-scale computational 
simulations to compare the stress fields for blast exposures 
involving the head alone, head with helmet, and head with 
helmet and face shield (Nyein et al., 2010). Computer-aided 
design models of the actual ACH, including foam pads as 
well as a conceptual model of a mask protecting the face, 
were added to the detailed MRI-based model of the human 
head. For front blast conditions, the propagation of stress 
waves into the brain tissue is somewhat attenuated by the 
existing ACH and significantly attenuated by the addition 
of a face cover. This suggests a possible strategy to improve 
protection against blast-induced mTBI.

Other recent studies have considered the blast-mitigating 
effect of helmets (Panzer et al., 2010; Zhang et al., 2011; 
Shridharani et al., 2012a; Przekwas et al., 2011). These 
models and measurements have consistently shown strong 
mitigation of blast pressure behind the ACH.

Finding 10-4. Computational simulations of the protective 
effect of helmet and face shield show a significant attenuation 
of the transmitted pressure field.

In conclusion, M&S can prove a valuable tool in the anal-
ysis of the effects of mechanical threats (blast, impact) on 
brain tissue. Its main usefulness is in explaining mechanisms 
of momentum transfer from the external threat to the internal 
tissues, including the identification of areas of the brain that 
can be most vulnerable for particular threats. Simulations can 
also guide the design of protective gear and the assessment of 
the comparative effectiveness in mitigating the effect of the 
external threat on brain tissue. There is a clear opportunity 
to extend the existing use of M&S in the area of brain injury 
biomechanics and protective gear design, as in many other 
areas of science and engineering.

10.6  MECHANICAL AND CONSTITUTIVE PROPERTIES 
OF TISSUES 

Characterization of the dynamic mechanical properties 
of brain tissue is important for developing a comprehensive 
knowledge of the mechanisms underlying brain injury and 
for developing computational models of potential ballistic 
and blunt neurotrauma. There are regional, directional, and 
age-dependent changes in the properties of the brain when it 
undergoes large deformations (Prange and Margulies, 2002). 
The frequency dependence of elastic properties must be 
included in comprehensive models, along with the frequency 
characteristics of the changing pressure field (Figure 10-9). 
Previous brain material characterizations at various stress 
rates suffer from wide experimental dispersion (Figure 10-9), 
nearly three orders of magnitude in the complex modulus. 
This has made comparison of computational results using 
these disparate data difficult (Panzer et al., 2012). Strain is 
dependent on the shear stress and stress rate, as shown in 

Figure 10-10. For a given shear stress, the strain on brain 
tissues is inversely related to the stress rate. 

There has recently been significant progress in the 
experimental characterization and constitutive modeling of 
the mechanical response of brain tissue (Pervin and Chen, 
2009; Prevost et al., 2011a, b). Tissue response exhibits 
moderate compressibility, substantial nonlinearity, hys-
teresis, conditioning, and rate dependence. A large-strain 
nonlinear viscoelastic model has been described that suc-
cessfully captures the observed complexities of the material 
response in loading, unloading, and relaxation (Prevost et al., 
2011a). This model covers strain rates—from quasistatic to 

Figure 10-9 �xed

FIGURE 10-9 Experimental determination of brain shear modulus 
(magnitude of the complex shear modulus) showing wide variance 
of experimental results from different researchers. 

Figure 10-10, �xed
FIGURE 10-10 Dependence of shear strain on stress rate shows 
the importance of correct simulation of the shear stress rate in 
simulations. SOURCE: Adapted from Donelly and Medige (1997).
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dynamic rates—comparable or exceeding those in blast and 
ballistic events with stress rates from 0.01 to 3000 s-1. But 
the low-strain-level behavior of brain tissue at high stress 
rates is not well known, and currently available results are 
not reliable because of the experimental methods employed 
to date. The results gathered to date on bovine and porcine 
tissue properties have been obtained mostly in vitro (Pervin 
and Chen, 2009; Prevost et al., 2011a). Previous studies on 
brain properties of note were on the juvenile pig (Gefen and 
Margulies, 2004). These results might differ quantitatively 
from those encountered in vivo, and this knowledge is criti-
cal for the development of biofidelic brain models. Further, 
different regions of the brain respond differently to identical 
mechanical stimuli, as shown in culture studies of the rat 
cortex and rat hippocampus. The cortex was less vulnerable 
to stretch-induced injury than the hippocampus (Elkin and 
Morrison, 2007).

Recently, Prevost et al. (2011b) measured the nonlinear 
dynamic response of the cerebral cortex to indentation of the 
exposed frontal and parietal lobes of anesthetized porcine 
subjects. Measurements included nonlinear, rate-dependent, 
hysteretic, and conditioning white and gray matter response 
in vivo, in situ, and in vitro. Results showed similar responses 
between in vivo and in vitro studies with respect to load 
versus indent and a “stiffening” with increase rate of stress. 
The data raise concerns regarding doing measurements in 
situ, wherein central circulation and cerebral spinal fluid 
pressures are much less than in vivo. Without the intact dura 
mater, whose tensile strength is much greater than other 
brain membranes, in vivo or in vitro measurements can be 
questioned, thus characterization of brain material proper-
ties might best be done by elastography using magnetic 
resonance techniques in vivo. But elastography does not 
have the spatial resolution to give region specific elastic 
properties and published values might be too low for stud-
ies of brain-surface-to-cortex relative motion or strains (cf. 
Coats et al., 2012).

Magnetic resonance elastography enables the visalization 
and measurement of mechanical waves propagating in three 
dimensions throughout a sample (Muthupillai et al., 1995; 
Manduca et al., 2001). From this information, the shear stiff-
ness of the sample can be inferred. In MRE, oscillating shear 
displacements are generated by harmonic vibrations induced 
mechanically or acoustically on the skull or brain surface. 
The displacements are measured from phase images obtained 
by modulating the gradient field of the magnetic resonance 
scanner at the vibration frequency. These measurements have 
already shown the skull acts as a low-pass filter for frequen-
cies of 45, 60, and 80 Hz. Skull transmission decreases, and 
shear-wave attenuation in the brain increases with increasing 
frequency (Clayton et al., 2012).

Further work is required to continue to improve and 
validate constitutive models—not just for brain but also for 
bone and other tissues. These models are essential for simu-

lations of dynamic transients (impact from ballistic BFD/
blunt trauma, blast/shock wave propagation) leading to TBI.

Finding 10-5. For models and simulations of brain trauma 
to be meaningful for injury assessments, they should include 
constitutive models of brain tissue response that account for 
nonlinear and rate-dependent viscoelastic effects. Viscoelas-
tic brain properties for high rate, low strain levels necessary 
for ballistic BFD calculations are not established.

10.7  CONCLUSION

The protection of the warfighter afforded by helmets from 
threats ranging from bullets, shrapnel, blasts, vehicle colli-
sions, and parachute landings has improved with improved 
helmet design and materials. However, the level of protec-
tion from nonfatal brain tissue injuries, which may have 
health consequences beyond the acute phase, is not known. 
This chapter and Chapter 3 give information regarding what 
is known about brain injury from blunt trauma and what 
is known about injury tolerances. In addition, this chapter 
defines the types of injuries that occur and most of the meth-
ods for diagnosis of both near- and long-term-onset medical 
conditions. 

The principal finding is that there is not a known rela-
tionship between brain injury to the ballistic parameters of 
momentum, rate of change of momentum, acceleration, and 
time duration of the impact force. Findings in Chapter 3 
emphasize that there is no known relationship between the 
measure of BFD by helmet evaluation protocols and skull 
fracture and brain trauma. This finding is known to the U.S. 
Army Medical Research and Materiel Command. Research 
is already underway on skull fracture injury criteria.3 Link-
age of the ballistic threats whose physical parameters are 
known to brain injury must include knowledge of the pro-
tective attenuation of the helmet. The degree to which the 
listed types of brain-injury parameters are moderated by the 
helmet is not known. 

Vehicle and sports collisions have been studied and mod-
eled with attendant animal experiments. But parameters for 
the rate of change of momentum (i.e., force) and duration 
of contact are orders of magnitude different from those for 
ballistic injuries. Therefore, considerations in the design of 
sports and vehicle head protective devices as well as the 
parameters of injury tolerance are not the same as those 
encountered by the warfighter. The committee notes a broad 
effort to define mechanisms, develop diagnostic methods 
for evaluating organic damage to the brain, and methods for 
treatment. But the current principal approach is protection 
from transfer of injurious forces afforded by the helmet.

3Karin Rafaels, Army Research Laboratory, Survivability/Lethality 
Analysis Directorate, “Joint Live Fire Test Program Behind Helmet Blunt 
Trauma Skull Injury,” presentation to the committee on January 24, 2013. 
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