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Development and validation of a
biofidelic head form model to assess
blast-induced traumatic brain injury

Devon Downes1, Amal Bouamoul2, Simon Ouellet2,
and Manouchehr Nejad Ensan1

Abstract
Traumatic Blast Injury (TBI) associated with the human head is caused by exposure to a blast loading, resulting in
decreased level of consciousness, skull fracture, lesions, or death. This paper presents the simulation of blast loading of a
human head form from a free-field blast with the end goal of providing insight into how TBI develops in the human head.
The developed numerical model contains all the major components of the human head, the skull, and brain, including the
tentorium, cerebral falx, and gray and white matter. A nonlinear finite element analysis was employed to perform the
simulation using the Arbitrary Lagrangian–Eulerian finite element method. The simulation captures the propagation of
the blast wave through the air, its interaction with the skull, and its transition into the brain matter. The model quantifies
the pressure histories of the blast wave from the explosive source to the overpressure on the skull and the intracranial
pressure. This paper discusses the technical approach used to model the head, the outcome from the analysis, and the
implication of the results on brain injury.
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1. Introduction

The Centers for Disease Control and Prevention published

Guidelines for Surveillance of Central Nervous System

Injury, which defined Traumatic Blast Injury (TBI) as an

occurrence of head injury that is associated with a

decreased level of consciousness, amnesia, other neurolo-

gical or neuropsychological abnormalities, skull fracture,

diagnosed intracranial lesions, or death.1 TBI may be clas-

sified by severity as mild, moderate, or severe.

For active military personnel in war zones, blast is the

primary cause of TBI.2 Sixty-eight percent of the

Operation Enduring Freedom (OEF) and Operation Iraqi

Freedom (OIF) soldiers at Walter Reed Army Medical

Center who screened positive for TBI had been injured in

a blast3 and data collected from March to September 2004

from the Navy-Marine Corps medical facilities in Iraq

found that improvised explosive devices (IEDs) were

responsible for 62% of combat-related TBIs even though

69% of the TBI patients had worn a helmet.4 One reason

for blasts causing such a large proportion of military-

related TBI is because the conflicts in Iraq and

Afghanistan involved fighting insurgents who favored

inexpensive and easily concealed explosive weapons capa-

ble of killing a large number of people. IEDs can be man-

ufactured from materials ranging from artillery shells to

plastic explosives to barrels of gasoline.5

TBI diagnoses and locations remain difficult to deter-

mine and sometimes are not visible with medical imagin-

ing techniques.6 The identification of adequate intra-

cerebral mechanical parameters acting as TBI predictors
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represents an important and generally accepted strategy

for addressing brain injury. Finite element (FE) human

head models have been developed as tools to aid in asses-

sing head risk and injury location, essentially specific to

TBI.

FE modeling of the human head is reflected in a gra-

dual progress. The early three-dimensional models gener-

ally had a simplified and regular geometry, usually a

simple spherical, spheroid, or ellipsoidal shell for the

skull. Chan7 was one of the first to model the human head

using a linearly viscoelastic core (the brain) bonded to a

linearly viscoelastic spherical shell (the skull). Rotation

mechanisms of head injury were analyzed by studying the

shear strain and cerebral pressure for an abrupt impact.

Shugar8 developed and analyzed a three-dimensional line-

arly elastic model of the skull while the brain was idea-

lized as nearly incompressible. His simulation was able to

capture coup injury and counter-coup injury, which at the

time were thought to be produced by frontal and rear

impacts, respectively.

To the best of the author’s knowledge, most of the FE

models of the human head up until this time have been

designed and validated against acceleration and blunt force

trauma experienced by the brain. While these are important

factors in examining brain injury, there has been very little

work done on TBI stemming from blast waves, which pro-

vides a more diffused impact on the brain. Such an impact

would create an envelope of stress profile around the brain

causing elevated stress levels from every direction of the

brain and not just the location of impact. The work pre-

sented in this paper models the blast loading of a high fide-

lity human head form subjected to a free-field blast with

the end goal of providing insight into how TBI develops in

the human head9 when completely enveloped by the blast.

It discusses the technical approach used to model the head,

the results from the use of the model, and their implication

for brain injury.

2. Experimental test overview: Biofidelic
head surrogate model for Traumatic
Blast Injury assessment

The experimental work consisted of setting up a free-field

blast test where the blast-induced evaluation device head

form model was placed at a 4 m standoff distance from

the explosive material. The explosive was 5 kg of

Composition 4 (C4) placed at a height of 1.5 m above the

ground. This height corresponded to the height of the nose

of the head form. The blast wave from the explosive

struck the head form perpendicular to the ground, while a

secondary wave caused by the ground reflection also

reached the head form. The primary objective of the head

form was to assess the effect of a blast wave on the head,

in terms of overpressure around the head and intracranial

pressures, and to measure the pressure transmission inside

the head. The experimental test setup is shown in

Figure 1. The head form was fitted with piezoelectric pres-

sure gauges, as shown in Figures 2(a) and (b).10 Figure 3

shows the typical blast wave pressure profile and the

forehead overpressure profile from the experimental

results at a 4 m standoff distance. These two parameters

were used to validate the developed numerical models

(see Section 3).

3. Modeling and simulation approach
3.1. Computer simulation program

Although different numerical approaches for the analysis

of blast waves are available, FE analysis, which is based

on accurate constitutive models, provides the most detailed

information on the spatial and temporal distribution of

blast waves. Numerical simulations may also be used to

understand how an external blast is transferred to a brain

Figure 1. Experimental test setup.

Figure 2. Location of pressure gauges inside the head form
during experimental testing.
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surrogate in order to quantify the physical load on a human

brain, using the FE analysis software LS-DYNA.11 This

software is an explicit, nonlinear FE program widely used

by the defense and automotive industry to simulate impact

on the human body. Features of this program include a

validated FE model of a 50 percentile male and female,

along with a head form for impact on the head simulation.

3.2. Head model

The FE model for the biofidelic head form was generated

from a parasolid computer-aided design (CAD) file pro-

vided by Defence Research and Development Canada –

Valcartier (DRDC-V) and meshed with 1 mm and 1 cm

element size using Hypermesh.12 The developed FE model

for the 1 mm head is shown in Figure 4. The FE model

contains the skull and brain, which included the falx and

tentorium.

3.3. Blast simulation (Model #1)

In this study the numerical procedure was based on a

three-dimensional nonlinear finite element method (FEM)

that implemented a detonation of an explosive, a shock

wave propagation through air, blast–head interactions

around the head, and the propagation of the blast wave

through the brain. The fluid/structure interaction can be

simulated by using a coupling algorithm in treating the air

Figure 3. Experimental blast wave and forehead overpressure.

Figure 4. Finite element mesh of the skull and brain. (Color online only.)
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as a fluid and the head as a traditional structural part. The

air–blast simulation was used to simulate this interaction.

The simulation of the blast exposure of the head was

performed from the forward direction. The blast scenario

was simulated by positioning the head model in an atmo-

sphere of air at ambient conditions. Figure 5 shows the

head model embedded in the air element at a 4 m standoff

distance from the 5 kg of C4 explosive and at a height of

1.5 m above the ground. The generated blast wave (due to

the explosion) propagated through the ambient air in a

spherical direction toward the head. The interaction

between the blast wave and head is performed using

an Euler–Lagrangian coupling method, similar to Heider

et al.13 The blast wave enveloped the head before being

absorbed by the non-reflecting boundary condition down-

stream from the head. The model is an axisymmetric

model, where only half of the model is simulated and the

other half is accounted for by applying appropriate bound-

ary conditions on the mid-plane of the simulated domain.

The simulation directly replicates the experimental test

setup discussed in Section 2.

3.3.1. Material models and properties. The material consti-

tutive models and the values employed for the skull, falx,

tentorium and brain, explosive, and air are listed in

Tables 1–5.

The behavior of the brain material is characterized as

viscoelastic in shear with the deviatoric stress rate depen-

dent on the shear relaxation modulus, while the compres-

sive behavior of the brain was considered as elastic. The

shear modulus of a viscoelastic brain tissue can be

expressed by the following:

G tð Þ=G∞ + Go � G∞ð Þe�βt

where Go denotes the short-term shear modulus, GN is the

long-term shear modulus, β is the viscous decay constant,

and t is the duration.

3.4. Blast simulation with truncated air

The model described in Section 3.3 was considered the

full simulation (Model#1), which dealt with the propaga-

tion of the air blast wave in free air (see Figure 5). The

model used a 1 cm mesh size for the air elements with a

total of 3,251,400 elements. Given the large number of

elements associated with this model, the vast majority

of the analysis time was spent simulating the propagation

of the blast wave through the air. However, this is not sali-

ent to the objective of the simulation, characterizing the

blast wave through the head model. Therefore, in order to

improve the computational cost and simulation efficiency,

a truncated air element model was generated, as shown in

Figure 6, wherein only the air at a distance of 33 cm (in

wave propagation) in front of the head was modeled. The

pressure wave obtained from the full model was extracted

when it was 33 cm in front of the head, and then applied

on the truncated model. This, in effect, reduces the compu-

tational time required for the blast wave to progress from

the explosive toward the head. The full simulation must be

executed at least once to characterize the blast wave.

Figure 5. Finite element model (axisymmetric model). (Color
online only.)

Table 1. Simulation material constitutive model.

Part Constitutive model Equation of state

Skull Isotropic–elastic–plastic -
Falx Elastic -
Tentorium Elastic -
Brain Viscoelastic -
Air Null Linear polynomial
Explosive High explosive burn Jones–Wilkins–Lee

Figure 6. Truncated air volume.
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However, once the blast wave is characterized, changes

can be made to the truncated model in a fraction of the

time. This is a similar methodology to that employed by

Baker,14 applying the pressure wave direction to a volume

of air.

3.4.1. Truncated air with 3 mm head size mesh (Model
#2). Since the objective of this modeling and simulation

study was to establish the role of overpressure and inter-

cranial pressures (ICPs) in the traumatic brain injury from

exposure to an explosive blast, a high resolution 3 mm ele-

ment size of the human head was developed. This model

was inserted into the truncated air volume and subjected to

the simulated blast wave. This model contained 507,000

elements, 265,000 for the air and 242,000 for the head.

In summary, Model#1 (the full model) was generated to

characterize the blast pressure wave of the 5 kg C4 at a 4

m standoff distance. The simulation results were analyzed

to identify the overpressure profile and blast strength at 33

cm from the forehead. Model#2 was generated from

model#1 with the air elements truncated and finer head

model mesh size and the extracted pressure wave applied

at a given distance (33 cm) from the head. A detailed anal-

ysis of the head was then preformed on Model#2. This

includes an analysis of the pressure profile around the head

and ICPs. The blast event was analyzed for the period of

10 ms (for the full model) and 4 ms (for the truncated

model), which was chosen to be sufficiently long enough

to simulate the relevant parameters (blast wave, overpres-

sure, and ICPs) of the blast to compare with the experi-

mental test. Dynamic results were recorded at equal time

steps of 0.5 ms for (full model) and 0.2 ms for (truncated

model) averaged over four selected elements. A longer ter-

mination time was used for the full model because of the

longer distance traveled by the blast wave, while the trun-

cated model used a finer resolution because of the detailed

resolution needed to capture the intracranial pressures.

These time intervals were selected by observing that the

majority of the intracranial wave mechanics had played

out by their respective end times and associated ICPs had

been established.

4. Simulation results

The numerical simulation results were validated against

experimental tests to build confidence in the predictive

capabilities of the developed models as well as to ensure

that the accuracy and precision of the developed models

were within the required error tolerances (within ± 10%

of the experimental values).

Table 2. Material properties of the flax and tentorium.

Anatomical structure Density r [kg/m3] Young’s modulus E [GPa] Poisson’s ratio n [-]

Skull 1200 2.275 0.3
Falx/tentorium 1200 0.0027 0.49

Table 3. Material properties of the brain.

Elastic material properties Viscoelastic material properties

Anatomical
structure

Density
r [kg/m3]

Bulk modulus
K [GPa]

Short-term shear
modulus Go [kPa]

Long-term shear
modulus GN [kPa]

Decay constant
β [s–1]

Brain 1040 2.19 41.0 7.8 700

Table 4. Material properties of the explosive.

Simulation part Density r [kg/m3] Detonation velocity [m/s] Chapman–Jouget [GPa]

Explosive 1601 8193 28.0

Table 5. Material properties of air.

Simulation part Density r [kg/m3]

Air 1.23

Downes et al. 5



4.1. Blast wave

The primary objective of this section is to characterize the

blast wave from the explosive. This was carried out using

the full model (Model#1) where the explosive was placed

at a 4 m standoff from the head model. Characterization of

the blast wave included its propagation through the air

defining the pressure profile, peak pressures, and the

reflection of the blast wave off of the ground. This served

as the loading conditions for the head model in the trun-

cated models.

The sequential views of the blast wave propagation con-

tour obtained from finite element analysis (FEA) simulation

are shown in Figure 7, from the initial explosion to the

extraction point at 33 cm in front of the head (see Figure 6).

Figure 7(a) shows the blast wave at 1.5 ms, when it interacts

with the ground and starts to reflect upwards. Figure 7(b)

shows the blast wave at 4 ms, when it was 33 cm away from

the head. The initial pressure wave can be seen along with

the reflected pressure wave from the ground.

Figure 8 shows the quantitative results of the blast wave

pressure profile obtained from FEA simulation and the

experimental results. An almost rapid rise in pressure can

be seen reaching peak pressure instantaneously, followed

by a rapid drop in pressure, which is typical of a blast pro-

file defined by the Friedlander equation.14 In this case,

however, the drop in pressure is followed by the reflected

pressure wave from the ground, which also reached a peak

immediately followed by a sudden drop in pressure. There

are a number of peaks in the experimental model that are

not captured by the simulation. This is likely attributed to

the fact that the simulation represented an idealized blast

scenario of the experimental test.

The first peak pressure from the test was 145 kPa,

while FEA simulation predicted a lower value of 140 kPa.

Thus, the simulation results were within 3.4% of the

experimental results; generally, a ± 10% discrepancy is

considered acceptable, acknowledging the simplifications

of numerical modeling. The ground reflection wave from

the simulation of the blast wave arrived sooner than the

experimental wave by 0.35 ms and with a peak of 83 kPa;

this represented a 3% difference in arrival time and 32%

in peak pressures. The Arbitrary Lagrangian–Eulerian

(ALE) method traditionally under predicts reflection

waves due to advection methods and the discrepancies are

Figure 7. Sequential side view of the blast wave.
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in the reflected wave time and pressure are largely attrib-

uted to this under prediction. The second wave profile,

while lower than the experimental one, does follow a simi-

lar trend and as such the implication of this would likely

be less energy transferred to the head from the second por-

tion of the wave. While there was a discrepancy between

the peak pressures of the second wave, it was expected

that the first wave would likely be the primary cause of

damage and the reduction in the pressure profile was

acceptable.

4.2. Blast wave propagation around the head model

The sequential view of the blast wave propagation around

the head (Model#2) is shown in Figure 9, where the blast

can be seen propagating in the air from left to right as it

envelopes the head. In the truncated model the blast wave

reaches the head at 0.6 ms, and at 0.7 ms a high overpres-

sure can be seen developing at the forehead; this is consis-

tent with the experimental results reported by Ouellet

et al.10 At 1.1 ms the blast wave completely envelopes the

head. This is unique to the ALE element formulation to

capture fluid flow around objects not typically available in

Lagrangian element formulation. Pressure waves in the

brain start to develop almost immediately after the initial

pressure wave is applied to the skull and it travels at a

much faster rate inside the brain than the blast wave in the

air. This is due to the higher density of the skull and brain.

The calculated stress wave has a speed of 1193 m/s, which

is consistent with the 1040–1480m/s range presented by

Ouellet et al.10

4.3. Overpressure

To ensure that the responses of each developed model

were consistent and in agreement with each other, the

overpressure of the blast wave around the head was com-

pared between the two cases. Specifically, the overpres-

sures at the forehead, left- and right-hand sides, and top

and back of the head were extracted, although for brevity

only the forehead location is presented in this paper.

The magnitude of the pressure versus time predicted by

the FEA simulation was compared to the results of the

experimental test. The overpressure–time curve showed

that both the test and simulation results follow a very simi-

lar trend, as shown in Figure 10. The maximum overpres-

sure of the FEA simulation compared well with the results

of the test. The maximum overpressure, which occurred at

4.7 ms after the explosion, was 569 kPa, while the FEA

simulation predicted a slightly lower value of 563 kPa.

The maximum pressure location was on the forehead as a

result of differences in the density change between the air

and the skull.

4.4. Intracranial pressure at the forehead

The intracranial pressures were extracted from four differ-

ent locations, as shown in Figure 11. These locations were

the Left Center (LC), Left Front (LF), Right Center (RC),

and Right Front (RF). The extraction locations were con-

sistent with those in the experimental testing.

The value of pressure on the four elements was aver-

aged at each element location from the simulation results.

Figure 8. Blast wave pressure profile at 4 m standoff.
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Figure 9. Sequential view of blast wave pressure around the head.

Figure 10. External pressure profile at the forehead.
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Ward et al.15 used intracranial pressure as a predictor of

concussions. They suggested that severe brain injury

occurs when the peak ICP exceeds 235 kPa, or no brain

injury occurs when the ICP is below 173 kPa and minor

injury occurs in between. As such, these thresholds are

used in this analysis. The intracranial pressure gradient is

discussed in the next section for the second model, as the

internal structure closely resembled the experimental head

form used in the experimental testing.

4.4.1. Intracranial pressure Right Front (RF) and Right Center
(Rc). As a stress wave propagates across the skull, part of

the initial stress wave is reflected against the skull surface,

while another fraction is deflected in the surroundings. At

the interface between the skull and the brain, density

changes, along with material sound speed, resulting in dif-

ferent material impedances. When the shockwave encoun-

ters this interface of mismatched impedance, different

degrees of transmission and reflection occur, causing a

complex interaction between the wave and the two

materials. These impedance mismatches can lead to signif-

icant pressure changes, potentially reducing or amplifying

pressure and energy transfer.

The intracranial pressure for the Right Front (RF) of the

brain is shown in Figure 12. It can be observed that as the

563 kPa pressure wave (see Section 4.3) propagated across

the thickness of the skull toward the skull–brain interface,

the reduction in acoustic impedance from the skull to the

brain caused a reduction in magnitude of the pressure as it

propagated into the brain. As a consequence, the maximum

pressure at the Right Front side of the brain location was

166 kPa (the maximum ICP experienced by the brain). No

brain injury is expected at this location according to Ward

et al.15 The intracranial pressure for the Right Center (RC)

of the brain is shown in Figure 13. The first peak occurs

almost immediately after the application of the initial pres-

sure at the forehead. The maximum pressure experienced

was 108 kPa (well below the 173 kPa ICP predictor), and

as such brain injury is not expected at this location.

All previous models developed were designed to simu-

late blunt impact at a single location and measure the

resulting stress wave and acceleration of the brain. The

proposed model in this paper provides a unique feature of

being able to simulate the blast as it propagates around the

head.

5. Conclusions and future work

The numerical models were developed to simulate blast

injury to the human head and to calculate the evolution of

an intracranial pressure wave. Two numerical models were

developed: (a) a full model; and (b) a truncated model

with a refined head mesh. These models were used to

simulate the stress wave propagation through the head

from an explosion of 5 kg of C4 at a 4 m standoff dis-

tance. These models captured the blast wave propagation

Figure 11. Location of where intracranial pressures were
extracted.

Figure 12. Intracranial pressure—Right Front (RF) of the brain.

Downes et al. 9



in the air, around the head form, as well as the transmis-

sion of the stress wave through the skull and into the brain

matter.

The blast wave propagation of the explosive consisted

of a primary blast wave traveling perpendicular to the

ground and impacting the head form. A secondary blast

wave also impacted the head due to a ground reflection.

The simulation was able to capture both of these blast

waves with accuracy. The primary blast wave was cap-

tured within a 3% difference between experimental and

simulation results.

The overpressure around the head and at the forehead

obtained from simulation results were in good agreement

with the experimental results for the primary blast wave.

The main loading from the primary blast wave showed a

rapid initial rise in pressure, followed by a rapid decrease.

The intracranial pressure for the Right Front of the brain

experienced the highest level of intracranial pressure each

at 166 kPa. Overall, the developed numerical models were

able to capture the blast wave propagation around the head,

overpressure, and intracranial pressure at the forehead with

reasonable accuracy. They were also able to predict where

brain damage can likely occur based on the increased level

of ICPs.

A better understanding of wave propagation through

the head form is critical to the development of mitigation

strategies involving the design of helmets and other pro-

tective gear, not only to develop helmets capable of miti-

gating blunt force impact but also diffused blast waves.

The present work suggests that the role of important para-

meters, such as intracranial pressure waves, must be con-

sidered in predicting head injury risk and in the design,

evaluation, and optimization of head protection equipment

against blast waves.

Future follow on research would include coupling the

blast injury model with a blunt impact model where the

brain experiences not only a diffused stress profile but also

a localized impact that is likely to cause acceleration in the

brain, another likely cause of TBI.

Funding

This research received no specific grant from any funding

agency in the public, commercial, or not-for-profit sectors.

6. References

1. Thurman DJ, Sniezek JE, Johnson D, et al. Guidelines for

surveillance of central nervous system injury. Atlanta, GA:

Department of Health and Human Services, 1995.

2. Tanielian T and Jaycox LH. Invisible wounds of war: psycho-

logical and cognitive injuries, their consequences and services

to assist recovery. Santa Monica, CA: RAND Corporation,

Center for Military Health Policy Research, 2008.

3. Warden DL, Ryan LM, Helmick KM, et al. War

neurotrauma: the Defense and Veterans Brain Injury

Center experience at the Walter Reed Army Medical Center.

J Neurotrauma 2005; 22: 1178.

4. Galarneau MR, Woodruff SI, Dye JI, et al. Traumatic brain

injury during Operation Iraqi Freedom: findings from the

United States Navy-Marine Corps Combat Trauma Registry.

J Neurosurg 2008; 108: 950–957.

5. Anderson RJ. Shell shock: an old injury with new weapons.

Mol Intervent 2008; 8: 204–218.

6. Kelley BJ, Farka O, Lifshitz J, et al. Traumatic axonal injury in

the perisomatic domain triggers ultrarapid secondary axotomy

and Wallerian degeneration. Exp Neurol 2006; 198: 350–360.

Figure 13. Intracranial pressure—Right Center (RC) of the brain.

10 Journal of Defense Modeling and Simulation: Applications, Methodology, Technology 00(0)



7. Chan HS. Mathematical model for closed head impact. In:

proceedings of the 18th Stapp car crash conference,

Michigan, 4–5 December 1974, pp.557–579. New York:

Society of Automotive Engineers.

8. Shugar TA. Transient structural response of the linear skull-

brain system. In: proceedings of the 19th Stapp car crash

conference, San Diego, CA, 17–19 November 1975, pp.518–

614. New York: Society of Automotive Engineers.

9. Downes D and Ensan MN. Development and validation of a

biofidelic head form model to assess the blast-induced trau-

matic brain injury. National Research Council Canada, LRT-

FRL-2014–148, 2014.

10. Ouellet S, Bouamoul A, Gauvin R, et al. Development of a

biofidelic head surrogate for blast-induced traumatic brain

injury assessment. In: personal armour systems symposium,

Nuremberg, 17–21 September 2012. IPAC.

11. Hallquist JO. LS-DYNA keyword user’s manual. Version

971. Livermore Software Technology Corporation, 2013.

12. Alatir. Hypermesh, http://www.altairengineering.ca/Default.

aspx (accessed 13 October 2017).

13. Heider N, Denefeld V, Steinbrenner S, et al. Engineering tool

for the evaluation of global IED effects. Defence Technol

2016; 12: 214–221.

14. Baker WE. Explosions in air. Austin, TX: University of

Texas Press, 1973.

15. Ward CC, Chan M and Nahum AM. Intracranial pressure—

a brain injury criterion. In: proceedings of the 24th Stapp

car crash conference, Michigan, 15–17 October 1980,

pp. 161–185. New York: Society of Automotive Engineers.

Author biographies

Mr Devon Downes works as Research Council Officer

in the Structural Dynamics Group of the National

Research Council Canada. His research interests include

numerical modeling, blast analysis, and armor materials.

Dr Bouamoul has been a defense scientist at DRDC-V

since 2003. She works in the structural dynamics and

Simulation Group of the Weapons Effects Section. Her

research interests include numerical simulations on blast

and landmine terminal effects for personal and vehicle

protection as well as armor materials. Also, she is inter-

ested in simulating material at a high strain rate.

Simon Ouellet is with DRDC-V, Protection and

Weapons Effects Section, in Québec, Canada.
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