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INTRODUCTION

The ESV Program originated more than three decades ago under the North Atlantic Treaty Organization
(NATO) Committee on the Challenges of Modern Society, and was implemented through bilateral
agreements between the Governments of the United States, France, the Federal Republic of Germany,
Italy, the United Kingdom, Japan, and Sweden. The participating nations agreed to develop experimental
safety vehicles to advance the state-of-the-art technology in automotive engineering and to meet
periodically to exchange information on their progress. Since its inception the number of international
partners has grown to include the Governments of Canada, Australia, The Netherlands, Hungary, Poland,
and two international organizations -- the European Enhanced Vehicle-safety Committee and the
European Commission. In 2005 the Republic of Korea became an ESV member country. A
representative from each country and organization serves as a Government Focal Point in support of the
ESV Conference.

The National Highway Traffic Safety Administration, U.S. Department of Transportation, in the interest of
information exchange, distributes this CD-Rom publication containing the Proceedings of the 20th ESV
Conference. The technical papers included in this publication detail safety research efforts underway
worldwide, and share the common international objective of reducing motor vehicle related fatalities and
injuries. The opinions, findings, and conclusions expressed in the publication are those of the author(s)
and not necessarily those of the Department of Transportation or the National Highway Traffic Safety
Administration. Final papers are accepted based on technically reviewed abstract submissions. The

technical papers contained on this CD-Rom are the unmodified written work of the author(s).

The Conference Organizers thank our international assembly of participants for their dedication and

support of the 20" ESV Conference and look forward to your future involvement.

Donna E. Gilmore
ESV Technical Coordinator
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A PARAMETRIC STUDY OF ENERGY ABSORBING FOAMS FOR HEAD INJURY PREVENTION

Svein Kleiven

Royal Institute of Technology
Sweden

Paper Number 07-0385

ABSTRACT

This paper describes a parametric study of foam
material properties for interior car surfaces using
finite element calculations. Two different head
models were used for the impact simulations, a
Hybrid III dummy head and a biomechanical head
model. The objective was to study the head injury
criterion (dummy) (HIC(d)), the angular velocity, the
resultant acceleration and, for the human head
models, the strain in the brain tissue and the stress in
the skull for a variation in foam material properties
such as stiffness, plateau stress and energy
absorption. The analysis gave at hand that the best
choice of material properties with respect to impact
using the Hybrid III head model reached different
results compared to an impact with the biomechanical
head model. For a purely perpendicular impact, the
HIC(d) for the head model managed to predict the
strain level in the brain quite well. Even though the
HIC reached acceptable levels for both a
perpendicular and oblique impact towards a 31 kg/m’
EPP padding, the maximum strain in the human head
model for an oblique impact was almost twice
suggested allowable levels. The difference in the
strain in the brain between an oblique and
perpendicular impact when impacted with same
initial velocity towards the same padding was not
predicted by the HIC(d).

INTRODUCTION

Head injuries due to traffic accidents, at work and
during leisure, are major diseases in Sweden and
worldwide. Globally, the daily incidence rate of
transportation injuries is estimated to 30 000 victims
and 3 000 deaths [1]. In Sweden, the annual number
of cases is more than 20 000 head injuries and the
annual rate of head injuries in Sweden over the last
14 years is relatively constant [2]. The main cause of
death for people younger than 45 years of age in
Sweden is accidents and poisoning. When looking
deeper into this cause of death for the younger part of
the male population in Sweden, it can be seen that
head injuries causes almost 80 percent of the traffic
injury deaths [3]. The development of safety systems
in cars has exploded over the last 20 years, resulting

in more and more sophisticated methodologies. There
are indications that this trend is slowing down. One
possible factor is that the crash dummies are not
completely human-like and another factor is the
roughness of the tolerances and injury criteria that are
used to couple output from the dummies with real-life
injuries. The interior surfaces of a car compartment
are designed to protect the occupants from injury at
car accidents through use of energy absorbing
materials and clever structural solutions. This is
normally done to comply with the extended FMVSS
201 regulation [4]. The primary verification tool in
the design process is the Head Injury Criterion
(dummy) (HIC(d)) applied in a free motion head-
form experimental set-up, where a rigid dummy head
is launched towards specific locations. Linear
accelerations in three perpendicular directions are
measured in the head form during the impact and the
performance is evaluated according to the HIC. The
test procedure is established internationally and thus
used by automotive manufacturers all over the world.
HIC was introduced in its present form in crash
testing by the National Highway Traffic Society
Administration [5] and it has been used for several
years in crash injury research and prevention as a
measure of the likelihood of serious brain injury. HIC
only treats the resultant translational acceleration and
the duration of the impulse and no consideration is
given to the direction of the impulse or rotational
acceleration components [3, 6, 7]. Moreover, studies
by Ueno and Melvin [8] and DiMasi et al. [9] found
that the use of either translation or rotation alone may
underestimate the severity of an injury. Zhang et al.
[10] also concluded that both linear and angular
accelerations are significant causes of mild traumatic
brain injuries. Recently, it was found that HIC
manage to predict the strain level in the brain of a
finite element (FE) model for purely translational
impulses of short duration, while the peak change in
angular velocity showed the best correlation with the
strain levels in an FE head model for purely
rotational impulses [3]. The HIC(d) together with FE
simulations and/or experiments according to the
FMVSS 201 regulation has been used in several
studies in an effort to improve the interior safety of
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vehicles [11, 12, 13, 14]. However, the human head
behaves in a more complex way and since the
validity of the HIC criterion is intensively debated
there is reason to believe that the safety development
could be made more efficient through use of more
delicate tools in the process, such as biomechanically
representative FE models of the human head together
with local tissue thresholds. To ensure that a
continued high pace is kept when it comes to
progress in car safety and primary prevention, it is
necessary to find new preventive strategies and
methods to complement the safety work practiced
today. It is hypothesized in this study that the best
choice of parameters for energy absorbing foams of
an automotive panel would come out differently if it
was made with respect to one or the other criterion.
To test this hypothesis, different head models were
compared in FE simulations according to the FMVSS
201 regulation using a simplified interior padding.
This investigation was performed to illustrate that
although the response of a structure may be optimal
for a certain impact case when evaluated with a
specific set of criteria it might not be favorable for
another case, evaluated with respect to another set of
criteria.

Cerebrum

METHODOLOGY

In order to investigate the potential to improve the
safety design, an FE model of the human head has
been used. Two different FE head models were used;
a model of the featureless Hybrid III dummy head
and a biomechanically representative human head
model (in the following referred to as human head
model). Parametric studies of material properties of
energy absorbing foams for idealized impact
paddings were performed. Numerical simulations
using the dynamic finite element method (FEM)
program LS-DYNA [15] was performed.

Human head FE model

The head model used in this study was developed at
the Royal Institute of Technology in Stockholm [16].
The head model includes the scalp, the skull, the
brain, the meninges, the cerebrospinal fluid (CSF)
and eleven pairs of the largest parasagittal bridging
veins (Figure 1).

Skull
Bridging vein Superior- o )
CSF Sag. Sinus Bridging vein
) Pia mater
Falx Corpus-
Callosum
Lateral and
e . 3 Ventricle
Tentorium Transverse- 1,
sinus
Cerebellum /Facial bones
Falx
Tentorium Brain stem
Spinal cord
Neck bone

Figure 1. Finite element model of the human head.

In order to better simulate the stress and strain
distribution, separate representations of gray and
white matter, and inclusion of the ventricles were
implemented. The total mass of the head was 4.52 kg
and the principal mass moments of inertia were close
to the corresponding ones for the hybrid III head. The
head model has been validated against several
relative motion experiments [17], intra-cerebral

acceleration  experiments [3], skull fracture
experiments [18], and intra-cranial pressure
experiments [19]. The post-mortem human subject
(PMHS) experimental data used cover four impact
directions (frontal, occipital, lateral and axial), short
and long durational impacts (2-150 ms), high and low
severity (sub-concussive to lethal), and both
penetrating and non-penetrating injuries. To cope
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with the large elastic deformations, a third order
Ogden hyperelastic  constitutive model and
corresponding parameters was fitted to include the
non-linear elasticity described by Miller and Chinzei
[20] as well as the high frequency relaxation modulii
determined by Nicolle et al. [21]. The stress in the
cranial bone, maximum principal strain in the brain
tissue, change in rotational velocity of the skull, the
HIC(d) and translational acceleration of the skull for

the different foams were determined. To account for
the possible loss of load bearing capacity at high
contact loading, the stresses in the skull were limited
to 90 MPa for the compact bone [22, 23, 24] and 30
MPa for the spongeous bone [22, 25] through the use
of simple elastic ideally plastic constitutive models.
A summary of the properties for the tissues of the
human head used in this study is presented in Table
1.

Table 1.
Material properties for the head model used in the numerical study.
Young's modulus Density Poisson's Yield stress
Tissue [MPa] [kg/dm’] ratio [MPa]
Outer compact bone 15000 2.00 0.22 90
Inner compact bone 15 000 2.00 0.22 90
Porous bone 1000 1.30 0.24 30
Neck bone 1000 1.30 0.24
Brain Hyper-Viscoelastic 1.04 ~0.5
Cerebrospinal Fluid K=2.1GPa 1.00 0.5
Sinuses K=2.1GPa 1.00 0.5
Dura mater 31.5 1.13 0.45
Falx/Tentorium 31.5 1.13 0.45
Scalp Viscoelastic 1.13 0.42
Bridging veins EA=19N
K = Bulk modulus, and EA = Force/unit strain.
FE Hybrid III dummy head

The FE Hybrid III 50™ percentile dummy head
developed by Fredriksson [26], Figure 2, comprises a
rigid skull covered in rubber flesh. The rubber was
modeled using material properties according to the
calibration tests by Fredriksson [26]. The total weight
of the head was 4.52 kg. For stability reasons the
head was made featureless by suppression of the
nose.

Figure 2. Finite element model of the featureless
Hybrid III dummy head.

FE calculations

According to the FMVSS 201 regulation [4],
automotive manufacturers have to certify that HIC(d)
will not exceed 1000 when impacted with a 4.5 kg
free motion head form with a speed of 6.7 m/s. The
head form needs to be oriented in a manner so that
the impact is nearly perpendicular to the target
surface and thereby is likely to give a maximum
HIC(d) [4, 14]. HIC is calculated as:

2.5

(tz _tl) (D

15}
HIC = max #J‘adt

ol (tz _tl)zl

where a is the resultant head acceleration expressed
as a multiple of the gravitational acceleration g, and t,
and t, are any two points in time during the impact
which are separated by 36 ms or less giving the
maximum HIC. HIC(d) is empirically computed
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using the free motion HIC to account for the neck
restraint [14] in a Hybrid III dummy according to:

HIC(d)=0.75446-HIC+166.4 @)

The head models are henceforth referred to as Hybrid
III, and human head, respectively, were impacted
towards a 50 mm thick interior padding having a

Perpendicular impact through the c.g.:

170%170 mm contact surface with an initial velocity
of 6.7 m/s (Figure 3). Perpendicular impacts through
the center of gravity of the head models were
simulated. Additionally, the padding was tilted 45° to
the horizontal plane in an effort to evaluate the
influence of an oblique impact. This was done for the
choice of padding parameters giving the lowest strain
the brain for the perpendicular impact case.

Figure 3. Animation of a perpendicular impact through the center of gravity of the head model (upper) and

an oblique towards a 45° tilted padding (lower).

Foam material properties

The  material  characteristics of  expanded
polypropylene (EPP) foams have recently been found
to be well described (R=0.969-0.999) by a simple
empirical relationship which describes the stress-
strain as a function of the foam density (Equation 3)

for a wide range of densities (31-145 kg/m’) [27].
The formulation is:

O_:A(l_e(—E/A)s(l—s)’")+B(1L)n 3)

where ¢ and ¢ are engineering stress and engineering
strain,  respectively, considered  positive  in
compression, and 4, B, £, m and n are empirical
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constants derived for the particular type of foam. To
create an even wider range of material behavior, the
material characteristics of a theoretical EPP foam
having a density of 14 kg/m’ was generated and
implemented (Figure 4). The EPP foams were
modeled using a constitutive model developed for
crushable foams in Is-dyna [15].

Stress-strain cumes for EPP foams

r
i

ma

4 ; . ; 7
EPP p=145 1
35l =—EPP p=106 : :
—:—-EPP p=70 il
ql| == —EPP p=45 i ;
—EPP p=31 Y

EPP p=14 i 1

]

!

i

f

]

‘

i

Compressive stress (MPa)

o
i

] 0.2 0.4 0.6 05
Morninal compressive strain
Figure 4. Material characteristics for the EPP
foams used in the present study.

Interior contact definition

In order to keep the foam material elements from
inverting when compressed under high pressure, an
interior contact was defined.
*CONTACT INTERIOR was used in Is-dyna to
account for the force transition within the foam,
which is especially important when it bottoms out. It
was defined so that when one layer of the foam
reaches a compression strain of 98%, the internal
contact transfers the loading to another layer of foam
or to the scalp of the head model (or the rubber skin
of the hybrid III model).

RESULTS

The resulting acceleration curves for the lowest and
highest densities, as well as for one creating a low

acceleration peak is seen in Figure 5. The load and
acceleration curves were filtered using an SAE 1000
low-pass filter. It can be seen that the 14 kg/m’® foam
has the lowest acceleration initially until it bottoms
out at a foam compression of 98%. This
phenomenon is creating a short duration high spike
where the load is transferred to the scalp, skull, dura,
CSF and the brain (Table 2).

Different results were obtained from the parameter
study with the rigid Hybrid III dummy head when
compared to the human head model (Table 2, Figure
6-7). It can be seen that, despite having the same
translational mass and initial velocities, the hybrid III
model predicts the lowest HIC(d) value for a higher
density and stiffer foam than the human head model
does; The hybrid III model predicts the lowest
HIC(d) value for the 45 kg/m® foam while the human
head model predict the lowest value for the 31 kg/m’
foam (Table 2).

Accelerations for three different densities of EPF foam

5000 . e
——-EPP p=14 A
7000 || ——EPP =45 l‘ 1
~—~EPP =145 : ';
<~ 6000 i1
T 4
= 11
= 5000} 1]
2 = S
e I
= 4000t [
a I |
(1] > £
£ som0} L
= i
é % T ‘\‘ ! 1
w. $ 8 L8
’! 1 [
I \
) + L
/ \ A b
N Y i el S .
0 5 10
Tirne (ms)
Figure 5. Curves showing the resultant

acceleration of the head model using three
different densities of EPP foam.

However, the HIC(d) for the head model manage to
predict the strain in the brain for a purely
perpendicular impact (Table 2).
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Summary of the results from the parametric study using the rigid Hybrid III dummy head and the human

Table 2.

head model.
Density (kg/m?) 14 31 45 70 106 145
= J' Peak acceleration (m/s?) 6157 1616 1089 1398 1837 2331
E L HIC(d) 6964 578 573 813 1151 1608
= r Peak acceleration (m/s?) 7777 1225 1034 1397 1905 2515
HIC(d) 11680 488 553 805 1205 1659
Max princ strain in brain 34.8 8.2 10.0 12.6 14.3 16.3
Max princ strain in Corp. Call. 19.2 4.0 4.1 4.5 4.7 4.9
e} Max princ strain in White M. 34.1 8.2 10.0 12.6 14.3 16.3
g Max princ strain in Gray M. 34.8 6.7 8.1 10.2 11.9 13.6
2 Max princ strain in Br.St. 17.4 7.4 8.9 11.2 12.5 14.3
Q
T Max princ strain in Thal./Mid.Br. 14.5 3.7 4.0 4.6 5.1 5.4
wvon M. stress in outer compact bone (MPa) 90.0 14.1 7.3 12.5 22.0 34.6
wvon M. stress in inner compact bone (MPa) 90.0 13.1 10.1 14.1 20.7 27.8
\ von M. stress in por. Bone (MPa) 29.3 1.5 0.7 1.1 1.9 3.1
Also, the lowest stress in the compact and porous III head as well as the linear acceleration for the
cranial bone is found for the 45 kg/m3 foam which human head model (Table 2). However, the lowest
correspond to the lowest values of HIC for the hybrid strain in the brain is found for the 31 kg/m3 foam.
HIC(dl) fqr & perpendicular impact Acceleration for & perpendicular impact
15000 — i aao0 :
—— HIC(d) E —¥— Acceleration
= H
% G000
10000 o
= E
o = 4000
T -
a000 I
& 2000
ol
H -
O L&l : ; o [ L . 2
] al 100 160 0 a0 100 150
Density (kgImSJ Density (kgImSJ
E,‘Ijiflathﬂ braim for a perpendicular impact Stress in the shull for & perpendicular impact
: 100 :
: —#— Cirain = —— Cirpcs
[n | ]
a0 = ad
= @ B0
e = |
2 s o 40
105 o
g = 0¢
g1 =
ei o L :
h = : T — :
u 500 o0 180 0 50 100 140

Density (kgImSJ Density (kga’mSJ
Figure 6. HIC(d) and peak resultant translational acceleration for a perpendicular impact using the
biomechanical head model.
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HICd) for a perpendicular impact
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Figure 7. HIC(d) and peak resultant translational acceleration for a perpendicular impact using the HIII

dummy model.

When simulating an oblique impact using the foam
giving the lowest strain in the brain for the
perpendicular impact (31 kg/m’) it was found that the

HIC(d) was reduced by more than 50 percent while
the strain in the brain increased more than four times
(Figure 8).

2,5
O Radial
21 moblique| T g
1,5 -
1 i
05— | 0 |
0 [h [
0@ 0(‘)\6 5\300 {;)\(\ OQQ)
‘2} qe} Q}(b ‘(\Q C}Q
& & & &
> O s S
S v BN o)
& 2" o’ © zed wi
& Q@ R N Normalized with respect to:
& 49 & HIC(d) = 1000
=) N & Change in ang. Vel. =25 r/s
QY . .
O N Acceleration = 150 G
< Strain = 20 %
Stress =90 MPa

Figure 8. Staple chart summarising the HIC, strain in the brain and stress in the skull for an oblique and

perpendicular impact towards the same padded surface.
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It is obvious that substantially higher strain levels in
the brain are obtained for an oblique impact,
compared to a corresponding perpendicular one,

when impacted towards the same padding using an
identical initial velocity of 6.7 m/s (Figure 9).

Fringe Levels
3.000e-01
2.800e-01
2.600e-01
2.400e-01
2.200e-01
2.000e-01
1.800e-01
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1.200e-01
1.000e-01
8.000e.02 ;g‘
6.000e 02 _
4.000e02 _
2.000e02 _

0.000e+00 _

Figure 9. A comparison of the strain distribution (at time for maximum) using the 31 kg/m’ foam for a

perpendicular (left) and an oblique impact (right).

DISCUSSION

The best choice of material properties with respect to
a perpendicular impact using the Hybrid III head
model reached different results compared to an
impact with the biomechanical head model. On the
other hand, the HIC(d) for the head model manage to
predict the strain level in the brain for the purely
perpendicular impact. This is supporting the findings
of a correlation between the probability of concussion
and HIC wusing predominantly translational
concussion data from the NFL [28]. Recently, it was
also found that HIC manage to predict the strain level
in the brain of an FE model for purely translational
impulses of short duration [3], while the peak change
in angular velocity showed the best correlation with
the strain levels for purely rotational impulses.

The foam giving the lowest strain in the brain was the
one with a density of 31 kg/m’. This EPP foam has
crush strength at 50 % compression of 125 kPa. The
foam giving the lowest HIC(d) in the hybrid III
dummy was the one with a density of 45 kg/m’ and a
stress at 50 % compression of 230 kPa. This is in
correspondence with Chou et al. [11] who found that
the crush strength for a 50 mm thick B-pillar foam
pad should be lower than 345 kPa to keep the HIC
below 700.

The difference in the strain in the brain between an
oblique and perpendicular impact with same initial

velocity towards the same padding was not predicted
by the HIC(d). Even though the HIC reached
acceptable levels for both the perpendicular and
oblique impact towards the 31 kg/m’ EPP padding,
the maximum strain in the human brain model for the
oblique impact was almost twice the suggested
allowable levels [29, 30]. One of the reasons for this
is that rotational effects are transferred to the head
when the impact has a tangential component. These
induced rotations are known to cause large shear
strains in the brain tissue [31, 32]. A low HIC(d)
value is predicted for the oblique impact while higher
levels strains are found compared to a corresponding
perpendicular impact in the same direction. This
underlines findings by previous investigators [32]
who subjected 25 squirrel monkeys to controlled
sagittal plane head motions, and found greater
frequency and severity of brain lesions after rotation.
This is consistent with the results presented herein, as
well as the hypothesis presented by Holbourn [31].

For the pure perpendicular impact an insignificant
peak change in angular velocity is found together
with relatively low strain levels in the brain. For the
oblique impact a large strain level is found in the
brain for a large peak change in angular velocity.
This corresponds to Holbourn’s hypothesis [31] that
the strain (and the injury) is proportional to the
change in angular velocity for rotational impulses of
short durations. Margulies and Thibault [33]
presented a criterion for DAI described as tolerance
curves of angular accelerations as a function of peak
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change in angular velocity. Judging from those
curves, angular accelerations exceeding ca. 8 krad/s’
combined with an angular velocity of 70 rad/s or
higher gives a risk of injury in the adult [33]. For the
oblique impact in the present study, an angular
acceleration of 3.3 krad/s® and a peak change in
angular velocity of 23.5 rad/s was found together
with a maximum strain in the brain of 39 percent
which is almost twice the suggested tissue level
tolerances for DAI [29, 30]. On the other hand, the
HIC(d) is not insignificant for the oblique impact.
Probably, a combination of the peak change in
angular velocity and HIC(d) would predict the
difference between perpendicular and oblique
impacts of various severities. In this study, impact at
only one location of the head is studied and therefore
the results might differ depending on what impact
location that is chosen. However, an impact to the
forehead region was chosen in this study and this
region is known to withstand more violence than
most other parts of the head both for DAI [32] and
for skull fractures [34]. Therefore the presented stress
and strain levels for the head would probably be even
higher if the impact was from other directions.

Strich [35] found diffuse degeneration of white
matter in the cerebral hemispheres, as well as in the
brain stem and corpus callosum areas in patients who
have endured severe head trauma. This indicates that
high strain in the white matter adjacent to the cortex,
as seen in Figure 9 of this study, is likely to occur in a
real life accident. Correspondingly, low levels of
strain can be seen in the vicinity of the ventricles in
the model, which supports the hypothesis that a strain
relief is present around the ventricles [36].

The bulk modulus of brain tissue [37] is roughly 10
times larger than the shear modulus. Thus, the brain
tissue can be considered as a fluid in the sense that its
primary mode of deformation is shear. Therefore,
distortional strain was used as an indicator of the risk
of traumatic brain injury. The maximal principal
strain was chosen as a predictor of CNS injuries since
it has shown to correlate with diffuse axonal injuries
[29, 30, 38, 39, 40, 41], as well as for mechanical
injury to the blood-brain barrier [42]. Other local
tissue injury measures have also been proposed and
evaluated, such as von Mises stress [42, 43, 44], the
product of strain and strain rate [45, 46, 47], the
strain energy [42], and the accumulative volume of
brain tissue enduring a specific level of strain, the
Cumulative Strain Damage Measure (CSDM), [9,
48]. However, a correlation has recently been found
between the brain injury pattern of a patient being the
victim of a motocross accident and the strain pattern
in the head model [49]. This strain is very sensitive
to the choice of stiffness for the brain tissue [17] and

more work is needed to fully describe the non-linear
and viscoelastic response of living brain tissue.

Another possible limitation is the constitutive model
used for the foam. However, this model has shown to
predict the response in uniaxial compression tests for
expanded polystyrene foams of similar densities in a
previous study [50]. On the other hand, to model the
elastic spring-back of low density foams such as
polyurethane foams, probably a different constitutive
model should be chosen. Also, the high load and
acceleration behavior created when the foam bottoms
out is sensitive to the parameters chosen for the foam
and the interior contact. In this study, the stress-
strain curves were defined up to 99 % compression
for all foams, while the interior contact was activated
when the strain reached 98 %.

In the extension, protective devices and materials can
be optimized to see if the tissue level stresses and
strains can be minimized so that the potential
consequence in a future accident could be reduced or
avoided. Iterative optimization procedures in
conjunction with dynamic and non-linear FEA can be
used together with detailed FE models to maximize
the safety for the humans when impacting towards of
interior and exterior surfaces in automotive
structures. The existing FE model of the head can be
used in optimization of the properties and geometry
of energy absorbing materials, so that the stresses and
strains on a tissue level are minimized. This
methodology has previously been wused for
optimization of simplified hood structures [51]. The
proposed methodology is directly applicable in
development of interior and exterior surfaces in
heavy vehicles and rail vehicles as well.

CONCLUSIONS

The results emphasize the importance of treating the
human brain as a non-rigid body. Although it is
obvious it must be kept in mind that in strive for
improved safety it is essential to employ physically
representative metrics since the applied criteria will
drive the development. Hence, local tissue thresholds
or more human-like dummies together with injury
criteria accounting for both angular and translational
kinematics should be used to obtain more physically
representative and reliable optima in safety design.
This result is conceptually obvious since a global
criterion will never cover all the various injury
mechanisms  characterized by  local  tissue
deformation.

Kleiven 9



REFERENCES

[1] Murray, CJ.L. and Lopez, A.D. 1996. “The
Global Burden of Disease-Summary.” The Harvard
School of Public Health, Harvard University Press,
ISBN: 0-674-35448-6.

[2] Kleiven, S., Peloso, P.M. and von Holst, H.
2003. “The Epidemiology of Head Injuries in Sweden
from 1987 to 2000.” Journal of Injury Control and
Safety Promotion, 10 (1): 173-180.

[3] Kleiven, S. 2006. “Evaluation of head injury
criteria using an FE model validated against
experiments on localized brain motion, intra-cerebral
acceleration, and intra-cranial pressure.” International
Journal of Crashworthiness, 11 (1): 65-79.

[4] U.S. Department of Transportation (DOT),
National Highway Traffic Safety Administration
(NHTSA). 1995. “Laboratory test procedures for
FMVSS 2017, TP-201UU-00, Safety Assurance,
OVSC, Washington, DC.

[5] National Highway Traffic Safety Administration,
U.S. Department of Transportation (DOT). 1972.
“Occupant Crash Protection — Head Injury Criterion.”
S6.2 of MVSS 571.208, Docket 69-7, Notice 17.
NHTSA, Washington, DC.

[6] Gennarelli, T.A. 1983. “Head injuries in man and
experimental animals: Clinical aspects.” Acta
Neurochir Suppl., 32: 1-13.

[7] Bellora, A, Krauss, R and Van Poolen, L. 2001.
“Meeting Interior Head Impact Requirements: A
Basic Scientific Approach.” Society of Automotive
Engineers, SAE Paper No. 2001-01-0469.

[8] Ueno, K., Melvin, J.W. 1995. Finite element
model study of head impact based on hybrid III head
acceleration: The effects of rotational and
translational ~ acceleration.” J.  Biomechanical
Engineering, 117(3): 319-328.

[9] DiMasi, F., Eppinger, R.H., Bandak, F.A. 1995.
“Computational analysis of head impact response
under car crash loadings.” Proc 39th Stapp Car Crash
Conf, Society of Automotive Engineers, SAE Paper
No. 952718, Society of Automotive Engineers,
Warrendale, PA: 425-438.

[10]Zhang, L. Yang, K.H., King, A.L, 2004. "A
Proposed Injury Threshold for Mild Traumatic Brain
Injury.” J. Biomechanical Engineering, 126(1): 226-
236.

[11]Chou, C.C., Wu, F., Lim, G.G. and Patel, R. N.
1997. “Optimization design of foam/pillar for head
impact protection using design of experiment
approach.”, Journal of Passenger Cars, P-308, X
International Conference on Vehicle Structural
Mechanics and CAE, Troy, Michigan, USA, Society
of Automotive Engineers, SAE Paper No. 971543.

[12]Barbat, S.D., Jeong, H.-Y. and Prasad, P.P. 1996.
“Finite element modeling and development of the
deformable featureless headform and its application
to vehicle interior head impact testing.”, Journal of
Passenger Cars, SP-1174, SAE International
Congress and Exposition, Detroit, Michigan, USA,
Society of Automotive Engineers, SAE Paper No.
960104.

[13]Sounik, D.F., Gansen, P., Clemons, J.L. and
Liddle, J.W. 1997. “Head-impact testing of
polyurethane energy-absorbing (EA) foams.*, Journal
of Materials and Manufacturing, SAE International
Congress and Exposition, Detroit, Michigan, USA,
Society of Automotive Engineers, SAE Paper No.
970160.

[14]Deb, A. and Chou, C.C. 2003. “Headform impact
safety design through simulation and testing.”, SAE
2003 World Congress, Detroit, Michigan, USA,
Society of Automotive Engineers, SAE Paper No.
2003-01-1386.

[15]Livermore Software Technology Corporation.
2003. “LS-DYNA KEYWORD USER'S MANUAL,
Version 970”

[16]Kleiven, S. 2002. “Finite Element Modeling of
the Human Head.” Doctoral Thesis. Technical Report
2002-9, Department of Aeronautics, Royal Institute
of Technology, Stockholm, Sweden.

[17]Kleiven, S., Hardy, W.N. 2002. “Correlation of
an FE model of the Human Head with Experiments
on localized Motion of the Brain — Consequences for
Injury Prediction.” 46" Stapp Car Crash Journal: 123-
144.

[18]Kleiven, S. 2006. “Biomechanics as a forensic
science tool - Reconstruction of a traumatic head
injury using the finite element method.” Scand J
Forens Sci., No. 2: 73-78

[19]Kleiven, S., and von Holst, H. 2002.
“Consequences of Head Size following Trauma to the
Human Head.” Journal of Biomechanics, 35 (2): 153-
160.

Kleiven 10



[20]Miller K, Chinzei K. 2002. “Mechanical
properties of brain tissue in tension.” Journal of
Biomechanics, 35(4): 483-90.

[21]Nicolle, S., Lounis, M., Willinger, R. and
Palierne, J.F. 2005. “Shear linear behavior of brain
tissue over a large frequency range.” Biorheology,
42(3): 209-23.

[22]Robbins, D.H., Wood, J.L. 1969. “Determination
of mechanical properties of the bones of the skull.”
Exp. Mech., 9(5): 236-240.

[23]MCcElhaney J.H., Fogle, J.H., Melvin, J.W.,
Haynes, R.R., Roberts, V.L., Alem, N.B. 1970.
“Mechanical properties of cranial bone.” J.
Biomechanics, 3: 495 -511.

[24]Wood, J.L. 1971. “Dynamic response of human
cranial bone.” J. Biomechanics, 4 (3): 1-12.

[25]Melvin J.W., McElhaney J.H., Roberts, V.L.
1970. “Development of a Mechanical Model of the
Human Head - Determination of Tissue Properties
and Synthetic Substitute Materials.” 14th Stapp Car
Crash Conf, Society of Automotive Engineers, SAE
Paper No. 700903.

[26] Fredriksson, L.A. 1996. “A Finite Element Data
Base for Occupant Substitutes.” Doctoral Thesis,
Dissertation No. 447, Division of Solid Mechanics,
Department of Mechanical Engineering, Linkoping
University, Sweden.

[27] Avalle, M., Belingardi, G. and Ibba, A. 2007.
“Mechanical models of cellular solids: Parameters
identification from experimental tests.” International
Journal of Impact Engineering, Volume 34, Issue 1,
January: 3-27.

[28]Newman, J.A. Shewchenko, N., and Welbourne,
E. 2000. “A Proposed New Biomechanical Head
Injury Assessment Function - The Maximum Power
Index.” Proc. 44th Stapp Car Crash Conf., SAE Paper
No. 2000-01-SC16.

[29]Bain, B.C., and Meaney, D.F. 2000. “Tissue-
Level Thresholds for Axonal Damage in an
Experimental Model of Central Nervous System
White Matter Injury.” Journal of Biomechanical
Engineering, 16: 615-622.

[30]Morrison III, B., Cater, H.L., Wang, C.C.B.,
Thomas, F.C., Hung, C.T., Ateshian, G.A. and
Sundstrom, L.E. 2003. “A tissue level tolerance
criterion for living brain developed in an in vitro

model of traumatic mechanical loading.” 47" Stapp
Car Crash Journal, SAE Paper No. 2003-22-0006.

[31]Holbourn, A. H. S. 1943. “Mechanics of Head
Injury.” The Lancet, 2:438-441.

[32] Gennarelli, T.A., Thibault, L.E. and Ommaya,
AXK. 1972. “Pathophysiological Responses to
Rotational and Translational Accelerations of the
Head.” Proc. Stapp Car Crash Conf., Society of
Automotive Engineers, SAE Paper No. 720970, 296-
308.

[33]Margulies, S.S. and Thibault, L.E. 1992. “A
Proposed Tolerance Criterion for Diffuse Axonal
Injury in Man.” J. Biomech., 25 (8): 917-923.

[34]Schneider, D.C. and Nahum, A.M. 1972.
“Impact studies of facial bones and skull.”
Proceedings 16™ STAPP Car Crash Conference,
Detroit, USA, , Society of Automotive Engineering,
Warrendale, PA, SAE Paper No. 720970.

[35]Strich, S.J. 1956. “Diffuse degeneration of the
cerebral white matter in severe dementia following
head injury.” J. Neurol. Neurosurg. Psychiat., 19,
October 9: 163-185.

[36]Ivarsson, J., Viano, D.C., Lovsund, P. and
Aldman, B. 2000. “Strain relief from the cerebral
ventricles during head impact: experimental studies
on natural protection of the brain.” J. Biomechanics,
33 (2): 181 —189.

[37]McElhaney, J.H., Roberts, V.L., and Hilyard,
J.F. 1976. “Properties of human tissues and
components: nervous tissues.” Handbook of human
tolerance, Automobile Research Institute Inc., Tokyo,
Japan, 143.

[38]Bain, B.C., Billiar, K.L., Shreiber, D.I,,
Mclntosh, T.K., and Meaney, D.F. 1997. “In vivo
mechanical thresholds for traumatic axonal damage.”
Proc. of AGARD AMP Specialists’ Meeting,
Mescalero, New mexico, USA, 7-9 November 1996,
published in CP-597.

[39] Galbraith, J.A., Thibault, L.E., and Matteson,
D.R. 1993. “Mechanical and electrical responses of
the squid giant axon to simple elongation.” J.
Biomech. Engineering, 115: 13-22.

[40] Thibault, L.E., Gennarelli, T.A., Margulies, S.S.,
Marcus, J., and Eppinger, R. 1990. “The strain
dependent pathophysiological consequences of
inertial loading on central nervous system tissue.”
Proc. IRCOBI Conf., Bron, Lyon, France: 191-202.

Kleiven 11



[41] Gennarelli, T.A., Thibault, L.E., Tipperman, R.,
et al. 1989. “Axonal Injury in the Optic Nerve: A
model of Diffuse Axonal Injury in the brain.” J.
Neurosurg., 71: 244-253.

[42] Shreiber, D.I., Bain, A.C. and Meaney D.F.
1997. “In vivo thresholds for mechanical injury to the
blood-brain barrier.” 41* Stapp Car Crash Conf.,
Society of Automotive Engineers, SAE Paper No.
973335: 177-190.

[43] Anderson, R.W.G., Brown, C.J., Blumbergs,
P.C., Scott, G., Finney, J.W., Jones, N.R., and
McLean, A.J. 1999. “Mechanics of axonal injury: An
experimental and numerical study of a sheep model
of head impact.” Proc. 1999 IRCOBI Conf. Sitges,
Spain: 107-120.

[44]Miller, R.T., Margulies, S.S., Leoni, M., et al.
1998. “Finite Element Modeling Approaches for
Predicting Injury in an Experimental Model of Severe
Diffuse Axonal Injury.” Proc. 42nd Stapp Car Crash
Conf, Society of Automotive Engineers, SAE Paper
No. 983154: 155-166.

[45] Goldstein, D.M., Mazuchowski, E.L., Gdula, W.,
and Thibault, L.E. 1997. “In vitro and mathematical
models of axonal injury in CNS tissue.” Prevention
Through Biomechanics, Symposium Proceedings,
Wayne State University: 207-215.

[46] Viano, D.C. and Lovsund, P. 1999.
“Biomechanics of brain and spinal-cord injury:
analysis of neuropathologic and neurophysiologic

experiments.” J. Crash Prevention and Injury Control,
1:35-43.

[47]King, A.IL, Yang, K.H., Zhang, L. and Hardy,
W.N. 2003. “Is head injury caused by linear or
angular acceleration?” Proc. IRCOBI Conference,
Lisbon (Portugal): 1-12.

[48]Bandak, F.A., and Eppinger, R.H. 1994. “A
three-dimensional FE analysis of the human brain
under combined rotational and translational
accelerations.” Proc. 38th Stapp Car Crash Conf.,
Society of Automotive Engineers, Warrendale, PA:
145-163.

[49]Kleiven, S. 2006. “Biomechanical reconstruction
of traumatic brain injuries - Correlation between
injury patterns and FE models.” Proc. 5" World
Congress of Biomechanics, Miinchen, Germany,
Journal of Biomechanics 2006; Vol. 39 Suppl. 1,
page S154.

[50]Aare, M. 2003. “Prevention of head injuries:
Focusing specifically on oblique impacts.” Doctoral
Thesis. Technical Report 2003-26, School of
Technology an Health, Royal Institute of
Technology, Stockholm, Sweden.

[51]Juntikka, R., Kleiven, S. and Hallstrom, S. 2004.
”Optimization of Single Skin Surfaces for Head

Injury Prevention — A Comparison of Optima
Calculated for Global versus Local Injury
Thresholds.” International Journal of

Crashworthiness, 9 (4): 365-379.

Kleiven 12





