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criteria investigation
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The objective of the present study is to improve the understanding of whiplash injury mechanisms based on the extensive
numerical simulation of real-world rear impact accidents with a detailed head–neck finite-element model (FEM). Based on
an existing FE neck model and on an existing whiplash accident database including crash pulse recording, the present study
proposes an in-depth investigation of the neck response at tissue level with the objective to extract pertinent ‘intra-cervical’
parameters presenting high correlation with the occurrence of whiplash injury.
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Introduction

Whiplash injury remains an acute road safety issue despite
the huge effort developed over the last decade by the sci-
entific community. Every year, whiplash injury costs $ 4
billion in the USA, € 4 billion in Europe and € 2 billion
in Japan. In the biomechanics field, we can underline, over
the last decades, two major advances in the understand-
ing of whiplash injury. The first concerns the experimental
approach with the characterisation of the relative cervi-
cal vertebrae motion during a rear impact [28,34,48] and
second the numerical tools based on finite-element (FE)
modelling. Recent FE models are not just designed to pre-
dict head kinematics but are able to give insight into injury
criteria in order to optimise different protection systems
against intra-cervical parameters [22,35].

Before these recent advances, the injuries criteria were
based on relative head and first thoracic vertebrae kine-
matics. Böstrom et al. [4] propose a criterion called Neck
Injury Criterion (NIC), calculated from the relative accel-
eration and velocity between the head and the first thoracic
vertebrae. It was rapidly adopted by the car industry be-
cause it expresses the relative motion between the head and
T1 and it can be easily recorded on dummies with a high
degree of repeatability. More recently, in 2002, Viano and
Davidsson [42] proposed an injury criterion called Neck
Displacement Criterion (NDC) based on the relative an-
gular and linear displacement of the head and T1. Injury
criteria based on a combination of the force and moment at
the first thoracic vertebrae and at the atlanto occipital joint
have also been proposed. The most frequently used crite-
rion is the Nkm [39] using the axial forces and the bending
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moment at the head to neck junction. The N ij criterion, es-
tablished for the frontal impact, used a similar formulation
but the force recorded (or computed) is in the vertical direc-
tion. Finally, the Lower Neck Load (LNL) injury criterion
[21] refers to a combination of the moment and the force in
the three directions at lower neck level.

If force- and moment-based criteria are well adapted
to experimental investigation using dummies, this kind of
criteria cannot be related to neck injury mechanisms. In
order to progress towards tissue-level injury criteria, further
medical and numerical investigations were undertaken in
the early 2000 by a number of authors.

The first step for the characterisation of the cervical
vertebrae motion during a rear impact was undertaken by
Matsushita et al. [28], Yoganadan and Pinter [48] and Ono
et al. [34]. However, Ono and Kaneoka [33] were the first
to compare the cervical vertebrae motions, on living hu-
man, with physiological motions. One of their conclusions
was that the a-physiological motions, commonly named
‘S-shaped’, induces a stretching of the cervical facet joint,
previously described also by April and Bogduk [2] and
Lord et al. [27]. Therefore, several authors, Winkelstein
et al. [44], Deng et al. [14], Yoganandan et al. [50] and
Sundararajan et al. [41], focused their work on the facet
joint injury (zygapophysial joint pain) and concluded that
whiplash neck injury is linked to this stretching. On the
other hand, Panjabi et al. [36] realised five types of rear
impact ranging from 2.5 to 10.5 g on Post Mortem Hu-
man Surrogate (PMHS) and did not find ‘strong correlation
between the strain during the trauma and the sled accel-
eration’ according to these authors. The injury is located
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2 F. Meyer et al.

at the inter-vertebral disc which is respectively stretched
and compressed in its anterior respectively posterior region.
This result is in accordance with the study undertaken by
Davis et al. [10] investigating nine patients after whiplash
injuries through an MRI (magnetic resonance imaging)
exam. It appeared that the patients had cervical disc herni-
ations or ligament injuries. All the injuries were localised
at the lower levels, i.e. C6-C7 or C5-C6. In 2005, Panjabi
et al. proposed a new injury criterion called ‘Inter-Vertebral
Neck Injury Criterion (IV-NIC)’ based on the hypothesis
that inter-vertebral motion during the ‘S-Shape’ injures the
spinal soft tissues. At each cervical level, the physiological
limit was determined experimentally on fresh cadaver. The
ratio of the dynamical angle and the physiological angle
assesses the injury risk of the soft tissues (ligament, inter-
vertebral disk, annulus fibre and facet joint) at each level.
One of the major advances in the understanding of whiplash
injuries concerns the accident database established by Kull-
gren et al. [25]. In this study, the authors reconstructed 79
real rear crash accidents with a multi-body model of Biorid
dummy in order to evaluate the main injury criteria. The
authors estimated that NIC and the Nkm values were appli-
cable to predict risk of neck AIS1 injury.

Concerning the FE aspect, in the last decades, a number
of neck FE models were developed with different levels

of detail in terms of geometry, validation and mechanical
properties. The main models were developed by De Jaeger
et al. [12], Camacho et al. [7], Yang et al. [47], Halldin et al.
[20], Lee et al. [26] and Meyer et al. [30]. These models
were able to predict the head–neck kinematics but are not
yet able to predict injury risk during a rear impact. The first
study using a Neck FE Model (FEM) in order to offer a
better protection was proposed by Kitagawa et al. [22] who
conducted an optimisation of a car seat based on the relative
displacement of the facet joint. Recently, Ono et al. [35]
used the FE model developed by Ejima et al. [15] and Sugi-
moto and Yamazaki [40] and proposed a new injury criteria
based on the strain rate of the facet joint. In this study, the
model was validated in rear impact against human volun-
teer and cadaver experiments. Validation was provided in
terms of maximal shear strain of the facet joint at each
cervical level. For the first time, 20 real-world rear impacts
were reconstructed by Ono et al. [35] in order to evaluate
the classical injury parameter and to derive a threshold for
the principal and shear strain of the facet joint. Good corre-
lation was obtained for the facet strain and it appeared that
the lower shear force can also be used to assess neck injury.

In this context, existing detailed head–neck FEMs are
coupled in the present study and validated against recent ex-
perimental time and frequency responses of the head–neck

Figure 1. Methodology defined in order to determine neck tolerance limits in rear impact.
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system. In a second step, the suggested methodology
illustrated in Figure 1 considers the coupled head–neck
FEM and a unique real-world whiplash accident database.
For each accident case, the first thoracic vertebra accelera-
tion has been computed based on a multi-body modelling of
the seat and the human torso–head–neck complex and these
3D acceleration data were considered as the input of the
FE simulation using the head–neck model. From this final
simulation, a number of intra-cerebral and intra-cervical pa-
rameters are computed for each victim in order to conduct a
correlation study between each mechanical parameter with
the occurrence of neck pain sustained by the victim. For
comparison purposes, existing injury parameters are com-
puted as well and finally a statistical methodology based
on a regressing analysis is applied to the results in order to
derive the best candidate parameter for the discrimination
of uninjured and injured cases, contributing those to the
definition of neck injury mechanism understanding.

Material and methods

Rear-world accident database

In the present study, the crash pulse acceleration of 86
real-life rear-end impact from Folksam database have been
reconstructed. The seat acceleration–time history was mea-
sured during the crash by a crash pulse recorder fixed on
three car models of the same make. The recording and
the analysis have been described by Aldman et al. [1] and
Kullgren et al. [24,25]. The sampling rate of the crash pulse
recorder is 1000 Hz during the impact phase of the crash
and the recorded acceleration data were filtered at approxi-
mately 60 Hz.

The occupant injury severity was divided into four
categories (Quebec classification of Whiplash-Associated
disorder Table 1). Examples of symptoms are neck pain,
headache, dizziness and neck stiffness. The numbers of
victims are presented according to the various injury cate-
gories, car model and occupant location as well as the age
and gender distribution in Table 2. It can be observed in
this table that there is a similar proportion of males and fe-
males and ages distribution for occupants with symptoms
over one month then for the total population.

Figure 2 shows that this database includes a large range
of impact energy. The collected accidents present accel-
eration between 1 and 7 g and a delta V of 2 to 35 m/s.

Table 2. Gender and average age for occupants with various
injury categories.

Gender (%)

Average age Male Female Number of cases

WAD0 46 52 48 57
WAD1 44 33 67 19
WAD2 48 40 60 5
WAD3 43 40 60 5
WAD4 – – – 0
Total 46 47 53 86
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Figure 2. Relationship between change of velocity and mean
acceleration.

Even if there is not a well-defined limit between uninjured
and injured cases, it appears in Figure 2 that over 20 m/s
(72 Km/h) and 5 g all the subjected involved sustained an
injury. Otherwise for the low-intensity cases, injured and
uninjured cases are represented.

This database includes only three types of cars, i.e.
TOYOTA Corolla 93, Corolla 98 and Yaris. Kullgren et al.
[25] modelised these three car seats. The mechanical prop-
erties of each seat were identified against experimental test
using Biorid dummy and realised at an impact speed of
23 km/h and a mean acceleration of 4.5 g.

Table 1. Quebec classification of Whiplash-Associated Disorder (WAD).

Grade Clinical classification

0 The neck has no symptoms, and the physical finding is normal.
1 The neck has pain and stiffness, but the physical finding is normal.
2 In addition to neck symptoms, there is a limit of motion space of the cervical vertebra and localised tender point, suggesting

neck symptoms from musculoskeletal system.
3 In addition to neck symptoms, there are neurological findings such as the tendon reflex disorder, adynamia, and perception

disorder.
4 Dislocation and fracture of the cervical vertebrae.
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4 F. Meyer et al.

Figure 3. Representation of the lumped parameters model of the trunk.

Lumped torso model

A realistic lumped torso model is needed in order to de-
termine the T1 3D kinematics for the 86 accident cases.
In order to address this issue, an original lumped model of
the human torso was developed. The hypothesis of linear
behaviour was used as the torso is subjected to small defor-
mations under rear impact. The modal analysis of the human
torso in a seating position conducted by Kitazaki [23] was
used for both masses and mechanical properties identifica-
tion of the human thorax by Bourdet and Willinger [6].

In order to reproduce the four vibration mode shapes
identified experimentally by Kitazaki [23], the torso was di-
vided in six segments to obtain the five degrees of freedom
including the head–neck system, as illustrated in Figure 3.
This model is able to reproduce the four first experimental
vibration modes and was validated in the frequency domain
in terms of natural frequencies, damping and mode shapes.
The method allowed it to identify the mechanical properties
of the head–neck–torso model and to superimpose the nu-
merical modal analysis with the experimental one as shown
in Table 3.

Coupling of head–neck FEMs and validation

The head-neck model used in the present study is a cou-
pling of two existing FEMs developed at the University of
Strasbourg (UdS). This section presents the detailed model
of the head–neck system and its validation against recent
experimental data.

The head FEM considered in this study is the Stras-
bourg University FE Head Model (SUFEHM) presented in
detail with its latest validation in Deck and Willinger [11]
and illustrated in Figure 4. In total, the model is formed
from 13,208 elements and has a mass of 4.7 Kg. Material
properties implemented into the model are summarised in
Appendix 1 and geometry is in accordance to [18].

A number of real-world head trauma simulations were
conducted by these authors to provide head injury criteria
for skull fracture, sub-dural haematoma and moderate or
severe neurological injuries.

The Neck FEM considered in this study was published
by Meyer et al. [30] and needed improvements in terms
of meshing and mechanical properties in the framework
of this coupling effort. The muscles originally represented
by 58,179 bricks elements were reduced to 2691 in or-
der to optimise the computation time. Moreover, spring

Table 3. Validation of the lumped torso model in terms on natural
frequencies [6].

Mode shape
Experimental

[Hz] Lumped-model [Hz]

1st mode head—neck
(Flexion–extension)

1.6 1.4

2nd head–neck (S-shape) 8.8 8.8
1st mode thorax 1.82 1.9
2nd mode thorax 3.31 3.25
3rd mode thorax 6.16 6.2
4th mode thorax 17.58 17.2
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Figure 4. Cross section of the Strasbourg University Finite
Element Head Model (SUFEHM).

elements were added to take into account muscles activa-
tion. The major muscles were included, i.e. Longissimus
capitis; Longissimus cervicis; Longus capitis; Longus
colli C1-C5; Longus colli C5-T1; Scanelus anterior;
Scanelus medius; Scanelus posterior; Semispinalis capitis;
Semispinalis cervicis; Splenius capitis; Splenius cervicis;
Sternocleidomastoidien and the Trapezius.

To couple the head FEM to the neck FEM the face was
completely remesh. The face previously modelised by shell
elements was replaced by brick elements in order to have
continuity between the face and the anterior muscles. More-

over, this type of element offers the possibility to obtain a
realistic representation in terms of inertia.

Concerning the cervical spine, no modification was
made in comparison to the previous neck FE. The cervical
vertebrae are represented by shell elements, inter-vertebral
disks by brick elements and the ligamentary systems by
spring elements. Finally, the whole head–neck model is
formed by 25,596 elements and has a mass of 6.5 Kg.
A cross-section of the new head–neck FEM system is given
in Figure 5.

The ligaments and the cervical vertebrae mechanical
properties are similar to those reported in the previous study
[30]. The main difference concerns the muscles which have
a viscoelastic constitutive law for the brick elements and
active hill law for the spring elements. Appendix 1 sum-
marises the mechanical properties of the different head and
neck anatomical parts. This coupling effort and model im-
provement obviously depend on a deep multidirectional
time- and frequency-domain validation as well as a valida-
tion against vertebrae-relative motion.

Head–neck model validations

Due to the remeshing of the muscle parts and the coupling
of the head FEM, it was necessary to validate the improved
model against the NBDL tests in frontal, lateral and
oblique impact situation according to Ewing et al. [16,17].
Results related to this time-domain validation are reported
in Appendix 2 (Figures A1–A6). Further validation is
then considered in the frequency domain by considering
experimental modal analysis reported by Bourdet et al. [5]
and Gunzel et al. [19].

Finally, this validation was completed by simulating the
experience of Ono et al. [34] in order to evaluate the relative
cervical motion under rear impact. It must be noticed that

Figure 5. Cross section of the Strasbourg University human head–neck system FE model.
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6 F. Meyer et al.

Figure 6. Experimental modal tests scheme under lateral (a) and rotational (b) simulation.

for the three different validations (NBDL, modal analysis
and relative cervical vertebrae motion), the mechanical
properties were exactly the same.

Multidirectional modal analysis

This section focuses on the validation of the FEM of the
head/neck system in the frequency domain. In past stud-
ies, Bourdet et al. [5] and Meyer et al. [30] showed that
a validation in the time domain is not sufficient to repro-
duce the dynamic behaviour of the neck. In fact, a great

amount of responses may exist in a given corridor. And
these responses do not correspond to the same mechani-
cal behaviour. More recently, Gunzel et al. [19] produced
an extension of the head/neck system characterisation in
the frontal and horizontal plane. Two kinds of experimen-
tal devices were therefore realised. The first one is the
same as the one used by Bourdet et al. [5] and the sec-
ond one consists of a rotational solicitation of the thorax
(Figure 6). Ten volunteers were tested: six men and four
women1.
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Figure 7. Averaged transfer functions estimated for the frontal plane for 10 volunteers. (a) transfer function between lateral excitation
force and lateral acceleration of head and neck (b) transfer function between rotational excitation force.
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Figure 8. Transfer function in terms of apparent mass at head
neck level in the sagital plane.

Three resonance frequencies that correspond to three
modal deforms were identified. The resonance frequencies
were determined thanks to the calculation of the apparent
mass and of the phase at the atlanto-occipital junction and at
the vertex. The lateral solicitation tests allowed to identify
a lateral inclination mode at 1.7 ± 0.2 Hz and a lateral
retraction at 9.5 ± 1.4 Hz (Figure 7a). The third mode was
identified thanks to the rotational tests which showed the
rotational mode of the head at 3.2 ± 0.3 Hz (Figure 7b).

That modal characterisation in the frontal plane, cou-
pled with the experimental tests in the same plane, allowed
a multi-directional validation of the FEM of the head/neck
system. The experimental tests in the sagital and frontal
planes, as well as around the axial direction, were repro-
duced numerically so as to identify the five vibration modes.
The same output data as those which were recorded ex-
perimentally were calculated to be used in the same signal
processing scheme. The results obtained thanks to the FEM
of the head/neck system are illustrated in Figures 8–10 and
summarised in Table 4.
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Validation

That validation [34] is the last step to be confident in the
biofidelity of the FEM of the head/neck system. The vali-
dation that relies on the NDBL experimental tests focuses
on the non-linear behaviour of the neck. The validation in
the frequency domain allows reproducing correctly the be-
haviour of the head/neck system at the very beginning of the
impact and for very low relative displacements. Neverthe-
less, these complementary validations are only managing to
solve the question of the kinematics of the head relatively
to the first thoracic vertebrae. Thus, and in order to obtain a
complete validation of the FEM of the head/neck system, it
is evidently important to use the experimental tests which
permitted to record the relative motion between the cervical
vertebrae in a rear impact configuration. Different studies
illustrated the motion of the vertebrae in a rear impact con-
figuration [14,34,37,38]. The experimental tests from Ono
et al. [34] are often used for neck FEM validation as has
been achieved by Ejima et al. [15], Kitagawa et al. [22] and
the THUMS model. Therefore, it has been decided to repro-
duce an experimental test at 8 km/h in relaxed conditions.
The model was constrained through linear acceleration in
the sagital and vertical plane, as well as through angular dis-
placement in the frontal plane. The rotation angles of C3 and
C7 vertebrae were calculated during 200 ms. That validation
is illustrated in Figures 11–13. A good agreement between
numerical and experimental results can be observed.

Results

Accident reconstruction

In order to reconstruct the 86 real-world accident cases
with the head–neck FEM, it was necessary in a first step
to simulate each case with the lumped torso model under
MADYMO code. In our database, three car seat models
are used. The positioning of the lumped torso model under
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8 F. Meyer et al.

Table 4. Results of experimental test and simulation in terms of natural frequencies.

Mode Mode—illustration
Average volunteer natural

frequency [Hz]
Head–neck FEM natural

frequency [Hz]

Flexion–extension 1.68 ± 0.2 2.8

Inclination 1.7 ± 0.2 2.6

Axial rotation 3.2 ± 0.3 3.4

S-shape 8.8 ± 0.5 11

Lateral retraction 9.5 ± 1.4 9.6

Figure 11. Test apparatus for rear impact test with volunteer
subject conducted by Ono et al. [34].

MADYMO code was realised with the same procedure as
realised by Kullgren et al. [25]. The head to headrest dis-
tance was therefore estimated at 69 mm for the Corolla 93
and 55 mm for the Corolla 98 and 92 mm for the Yaris.
Figure 14 illustrates the positioning of the lumped torso
model for the three configurations.

For each case, the pulse recording during the accident
was implemented on the seat car model. The simulation
times are of the order of 150–250 ms. In order to recon-
struct the accidents with the head–neck FEM, the six ac-
celerations (three linear and three angular) were extracted
from MADYMO model at the first thoracic vertebrae and
at the centre of gravity of the headrest. Concerning the FE
simulation, the headrest rigidity was adjusted in order to
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Figure 12. Comparison of head (a) and vertebral rotations [C3 (b); C4 (c); C5 (d); C6 (e)] between UdS–Head–Neck FEM and volunteer.

reproduce numerically under RADIOSS code the same im-
pact force as those calculated with the MADYMO model.
The headrest inclination and the distance were also taken
into account in the FEM.

Reconstruction of a detailed case:
Corolla 98 29737

In order to illustrate the methodology used, one case is
presented. It involves a male aged 36 years with a WAD1.
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10 F. Meyer et al.

Figure 13. Kinematic response of the finite element model to a rear impact (Ono et al. [34]).

69 mm 55 mm 92 mm

Corola 93 Corola 98 Yaris

Figure 14. Position of the MC-HNT model in the three seats.

During rear impact, the cervical spine performs a
complex movement composed of flexion/extension, trac-
tion/compression and shearing (Figure 15). In order to dis-
tinguish the different movements, local frames were fixed

at each facet joint and cervical vertebrae body. The lo-
cal frames were oriented as follows: at the facet joint,
the +x direction traduced a flexion at the cervical verte-
brae body, the +x direction traduced the shearing and the

Time = 0ms Time = 100 ms Time = 140 ms Time = 180 ms 

Figure 15. Kinematic response of the MADYMO model and the Head–Neck Finite element model under a rear impact (Case Corolla
98 N◦ 29737).
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Figure 16. Local frames defined at each cervical vertebrae level.

+z direction the traction. Figure 16 illustrated the different
local frames used to describe the behaviour during rear im-
pact. Figure 17 illustrates the crash pulse recorded at the car
seat and Figure 18–24 the mechanical parameters extracted
with the head–neck FEM.

In this case, the average acceleration of the impact pulse
is 5 g inducing a resultant acceleration of the head of 15 g
(Figure 20). The head acceleration along transverse axis
is null. Moreover, the angular accelerations along vertical
axis and along impact direction are null too (Figure 19).
This implies that movement is only in the sagital plane.
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Figure 17. Acceleration recorded during the accident (case
n◦ 29737) and applied to the seat model.

Concerning the intra-cervical motion, we can observe that
the two facet joint movement is almost the same and the
magnitude displacement at each level are similar (Figure 21
and 22).

Investigation of potential whiplash injury criteria

The objective of this study is to determine tolerance limits
of the neck during a rear impact from injury criteria which
can be associated to the degree of injury severity. In this
study, the classical mechanical parameters as the linear and
angular head accelerations or the NIC values are computed
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Figure 18. Linear accelerations calculated with the torso lumped
model at T1.
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Figure 19. Angular accelerations calculated with the torso
lumped model at T1.
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Figure 20. Linear accelerations calculated with head–neck FEM.
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Figure 21. Relative displacement of the left facet joint in the x
direction at each cervical level.
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Figure 22. Relative displacement of the right facet joint in the x
direction at each cervical level.

Table 5. Nagelkerke R2 value calculated at the T1-C7 level.

Left facet joint Right facet joint Cervical vertebrae body

X direction X direction X direction Z direction

R2 Min Max Min Max Min Max Min Max

S1 0.099 0.151 0.123 0.15 0.044 0.209 0.085 0.144
S2 0.35 0.323 0.342 0.335 0.324 0.513 0.351 0.413
S3 0.468 0.188 0.482 0.203 0.364 0.48 0.49 0.312

Table 6. Nagelkerke R2 value calculated at the C7–C6 level.

Left facet joint Right facet joint Cervical vertebrae body

X direction X direction X direction Z direction

R2 Min Max Min Max Min Max Min Max

S1 0.093 0.013 0.091 0.045 0.086 0.157 0.088 0.11
S2 0.356 0.06 0.366 0.079 0.381 0.361 0.373 0.251
S3 0.473 0 0.515 0 0.515 0.271 0.509 0.112
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Table 7. Nagelkerke R2 value calculated at the C6–C5 level.

Left facet joint Right facet joint Cervical vertebrae body

X direction X direction X direction Z direction

R2 Min Max Min Max Min Max Min Max

S1 0.106 0.127 0.104 0.131 0.055 0.116 0.086 0.015
S2 0.386 0.314 0.387 0.264 0.351 0.292 0.386 0.022
S3 0.447 0.564 0.501 0.595 0.361 0.208 0.454 0.177

Table 8. Nagelkerke R2 Value calculated at the C5–C4 level.

Left facet joint Right facet joint Cervical vertebrae body

X direction X direction X direction Z direction

R2 Min Max Min Max Min Max Min Max

S1 0.044 0.26 0.022 0.266 0.085 0.009 0.073 0.113
S2 0.225 0.42 0.398 0.442 0.396 0.007 0.324 0.139
S3 0.221 0.57 0.458 0.684 0.473 0.097 0.372 0.221

Table 9. Nagelkerke R2 value calculated at the C4–C3 level.

Left facet joint Right facet joint Cervical vertebrae body

X direction X direction X direction Z direction

R2 Min Max Min Max Min Max Min Max

S1 0.074 0.218 0.064 0.16 0.059 0.136 0.059 0.123
S2 0.266 0.288 0.298 0.424 0.287 0.141 0.257 0.139
S3 0.303 0.461 0.355 0.478 0.345 0.169 0.296 0.155

in order to evaluate their level of correlation with the degree
of injury. It must be noticed that in the accident database,
only the severity of the injury is notified. It induces that the
injury parameter cannot be localised in a specific neck area.
However, it is important in contrast to conventional crite-
ria to take into account the intra-cervical behaviour. Ono
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Figure 23. Relative displacement of the cervical vertebrae body
in the x direction at each cervical level.

et al. [34] highlights that shearing at a different cervical
level can be an injury mechanism. Therefore, the relative
displacement at each level is calculated at each cervical
vertebra. The relative displacement is calculated at the two
facets joint and at the cervical vertebrae body in order
to distinguish the traction/compression and the shearing
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Figure 24. Relative displacement of the cervical vertebrae body
in the z direction at each cervical level.
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14 F. Meyer et al.

Table 10. Nagelkerke R2 value calculated at the C3–C2 level.

Left facet joint Right facet joint Cervical vertebrae body

X direction X direction X direction Z direction

R2 Min Max Min Max Min Max Min Max

S1 0.059 0.174 0.053 0.11 0.057 0.094 0.045 0.09
S2 0.217 0.173 0.278 0.292 0.243 0.056 0.207 0.022
S3 0.242 0.472 0.31 0.291 0.279 0.043 0.239 0.111

Table 11. Nagelkerke R2 value calculated at the C2–C1 level.

Left facet joint Right facet joint Cervical vertebrae body

X direction X direction X direction Z direction

R2 Min Max Min Max Min Max Min Max

S1 0.118 0.024 0.085 0.069 0.081 0.198 0. 0.149
S2 0.236 0.126 0.12 0.068 0.003 0.524 0.009 0.392
S3 0.327 0.207 0.157 0.421 0 0.706 0.032 0.54

component. Injury correlation was evaluated by calculating
the correlation coefficient of logistic regression for each
mechanical candidate parameter (Table 5–11). The correla-
tion coefficient R2 proposed by Nagelkerke [31] was used.
This coefficient permits it to evaluate the quality of the re-
gression. For that, a sample (xi,yi)i = 1,. . .,N was introduced,
where the xi are the observed values of the explicative vari-
able x and yi are the random variables of y taking 0 for no
injured and 1 for injured at case i. The logistic regression
model used is a logistic function written in equation (1)
which defines the probability of injury for various x. For
each parameter, three logistic regressions are calculated
corresponding to the risk of WAD1, the risk WAD2 and the
risk of WAD3 Table 12.

It can be noticed that many criteria (values in bold
(Table 5–11), R2

S3 > 0.4) can pretend to be an injury crite-
rion with elevated correlation values. But it appears difficult
to say which mechanical value correlates to the level of in-
jury. It could be the displacement of the articular joints at
the level C6-C7, or the shear at the level C5-C6. Also, the
injury is never given at a precise level. It is always given as
a global symptom such as ‘neck pain’ – ‘mobility restraint’.
This is why the injury criterion should not be seen as a given

Table 12. Nagelkerke R2 value calculated for the linear and an-
gular acceleration of the Head CG. R2 Value calculated for the
NIC value.

Head acceleration
Head angular
acceleration NIC

R2
S1 0.119 0.139 0.017

R2
S2 0.278 0.344 0.073

R2
S3 0.252 0.332 0.12

abnormal value at a precise anatomical location, but more
as a consequence of a global non-physiological movement
of the cervical spine. The movement which seems for dif-
ferent authors to be associated with injury is the ‘s-shape’
movement of the cervical spine. Experiments made on ca-
davers or volunteers show that the cervical spine follows
at first an ‘s-shape’ movement followed by the classical
‘flexion–extension’ movement of the cervical spine. Our
study on 86 cases confirms this behaviour. Only the low-
velocity cases do not show the ‘s-shape’ movement. It can
therefore be concluded that the shearing mechanism at dif-
ferent levels of the cervical spine may be at the origin
of the injuries. This criterion can be seen as the sum of
the displacements of the cervical bodies along a horizontal
direction (Figure 25). Depending on the intensity of the im-
pact and on the cervical spine body level, this displacement
can follow the direction of the impact or its opposite direc-
tion. To take these different displacements into account, it

Figure 25. Illustration of the shearing in the cervical spine pro-
duce by a rear impact.
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Figure 26. Representation of the mechanical parameter propose (sum of the shearing displacement at each level) versus Whiplash
Associated Disorder.
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Figure 27. Risk curves of the injury criteria propose for the WAD1 (a), WAD2 (b) and WAD3 (c). R2 WAD1 = 0.223; R2 WAD2 =
0.545; R2 WAD3 = 0.842.

is necessary to work with the absolute value of the displace-
ment at each level and then to sum the displacements. The
histogram in Figure 26 illustrates the correlation between
the candidate mechanical parameter proposed (Shearing at
each cervical level) computed with the head–neck FEM
Figure 27.

Discussion

Before discussing neck injury criteria, it should be noticed
that limitation of this study remains at the accident recon-
struction level even if the used database is probably one of
the most relevant currently available.

The car occupants are supposed to be in a standard
position and to have similar mass and geometry. In addition,
no detailed injury description is available as it is often not
possible to identify the location of a ‘neck pain’.

Moreover, the database include a limited number of
WAD2 and 3 and should be extended in order to consolidate
the statistical correlation analysis. Coming to the attempt
to derive neck injury criteria, it is interesting to comment
on the quality of the logistical regression provided by the
different candidate parameters. The initial ambition was to
identify a key local intra-cervical parameter which would
strongly correlate with the occurrence of injury but results
show that it is finally a more global ‘cumulative’ metric
which presents the highest correlation. It is then conducted

that the injury parameter is distributed through the cervical
column exactly as pain is.

Finally, some authors [3,32] discussed about the pos-
sibility that whiplash injury could be due to brain injury.
When potential neck injury is addressed, it appears from
this study that the computed brain loading level (with the
SUFEHM) is significatively lower than available brain in-
jury threshold determined by Deck and Willinger [11] with
a maximum brain Von Mises stress less than 5% risk of
moderate DAI. Therefore, further head injury investigation
under whiplash should more focus on local brain stem and
inner ear loading conditions.

Conclusion

In the present study, a detailed head and neck FEM was de-
veloped based on existing separate models. In deep, multi-
directional validation of the coupled head–neck model was
performed against kinematics data in the time domain and
modal characteristics in the frequency domain. Local val-
idation of the cervical column against vertebrae-relative
motion was conducted as well.

A real-world rear-impact accident database including
crash pulses of 86 accidents was then considered for the
computation of the 3D acceleration at T1 level for each
victim. This step was used with a previously published car
seat and human torso multi-body models. The extracted
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16 F. Meyer et al.

T1 kinematics was finally considered as the input of FE
simulation of the head and neck response.

A number of intra-cervical local and global parameters
were considered as candidate parameters for neck injury cri-
teria by investigating the correlation of the different metrics
with the occurrence of injury.

Main conclusion of this extensive real-world rear-
impact accident simulation and statistic analysis is that none
of the existing criteria or more local parameters (such as
facet distorsion) presents an acceptable correlation level.
However, when a more global (or cumulative) parameter is
considered, such as the summation of the shearing displace-
ment at each level, an acceptable regression parameter was
observed and it was possible to derive a tentative injury risk
curve for whiplash injury based on this metric.
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ducted in accordance with the practice of the responsible gov-
erning authority as described by the Ethics Committee of the
French Centre National de Recherche Scientifique (CNRS).
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Appendix 1
Material property data for head modelling.

Part
Material
property Material parameter Value Element type Reference

Face Elastic Density
Young modulus
Poisson’s ratio

1500 Kg/m3

4.6 + 03 MPa
0.05

Shell [29]

Cranium (Cortical) Elastic plastic
orthotropic

Density
Young modulus
Poisson’s ratio
Bulk modulus
UTS
UCS

1500 Kg/m−3

1.5 E+04 MPa
0.21
6.2 E+03 MPa
90.0 MPa
145 MPa

Shell [46]

Cranium (Trabecular) Elastic plastic
orthotropic

Density
Young modulus
Poisson’s ratio
Bulk modulus
UTS
UCS

1500 Kg/m−3

4.6 E+03 MPa
0.05
2.3 E+03 MPa
35.0 MPa
28.0 MPa

Shell [29]

Scalp Elastic Density
Young modulus
Poisson’s ratio

1200 Kg/m3

1.67 E+01 MPa
0.42

Solid [51]

Brain Viscous elastic Density
Bulk modulus
Short shear mod.
Long shear mod.
Decay constant

1040 Kg/m3

1.125 E+03 MPa
4.9 E–02 MPa
1.62 E–02 MPa
145 /s

Solid Khalil et al.

CSF Elastic Density
Young modulus
Poisson’s ratio

1040 Kg/m3

0.12 E–01 MPa
0.49

Solid [43]

FalxTentorium Elastic Density 1140 Kg/m3

3.15 E+01 MPa
0.45

Shell [51]

Material property data for neck modelling.

Part
Material
property Material parameter Value Element type References

Inter-vertebral discs Elastic Young modulus
Poisson’s ratio

E = 100 Mpa
ν = 0.3

Solid –

Muscle Posterior Viscous elastic Bulk modulus
Short shear mod
Long shear mod
Decay constant

β = 2500 Mpa
G0 = 0.115 Mpa
G∞ = 0.086 Kpa
η = 0.0017 /s

Solid [8]

Muscle Anterior Viscous elastic Bulk modulus
Short shear mod
Long shear mod
Decay constant

β = 2500 Mpa
G0 = 00.03995 Mpa
G∞ = 0.002949 Mpa
η = 0.0017 /s

Solid

Cervical vertebrae Rigid bodies – – Shell [13]
Ligaments Tabulated law – – Springs [9,49]
Active muscle Tabulated law [45]
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Appendix 2

Frontal impact
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Figure A1. Numerical results for the frontal impact versus experimental corridors: (a) X -axis linear acceleration of the anatomical centre
(AC) of the head, (b) Y -axis angular acceleration of AC, (c) Z-axis linear acceleration of AC, (d) X -axis displacement of AC, (e) Rotation
of AC and (f) Z-axis displacement of AC.
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Time=0 ms Time=50 ms Time=100 ms 

Time=150 ms Time=200 ms Time=250 ms 

Time=300 ms Time=350 ms Time=400 ms 

(g

Figure A2. Kinematic response of the finite element model to a frontal impact according to NBDL [17,16].

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ité
 d

e 
St

ra
sb

ou
rg

, S
C

D
 ]

 a
t 0

2:
20

 2
3 

O
ct

ob
er

 2
01

2 



International Journal of Crashworthiness 21

Lateral impact
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Figure A3. Numerical neck responses versus experimental corridors under lateral impact: X -axis (a), Y -axis (b) and Z-axis (c) angular
accelerations of the anatomical centre (AC) of the head respectively, X -axis (d), Y -axis (e) and Z-axis (f) linear accelerations of AC
respectively, X -axis (g), Y -axis (h) and Z-axis (i) rotation of AC respectively, X -axis (j), Y -axis (k) and Z-axis (l) displacement of AC
respectively.
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Time=0 ms Time=50 ms Time=100 ms 

Time=150 ms Time=200 ms Time=250 ms 

Time=300 ms Time=350 ms Time=400 ms 

(g

Figure A4. Kinematic response of the finite element model to a lateral impact according to NBDL [17,16].
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Oblique impact
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Figure A5. Numerical neck responses versus experimental corridors under oblique impact: X -axis (a), Y -axis (b) and Z-axis (c) angular
accelerations of AC respectively, X -axis (d), Y -axis (e) and Z-axis (f) linear accelerations of AC respectively, x-axis (g), Y -axis (h) and
Z-axis (i) rotation of AC respectively, x-axis (j), Y -axis (k) and Z-axis (l) displacement of AC respectively.
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Time=0 ms Time=50 ms Time=100 ms 

Time=150 ms Time=200 ms Time=250 ms 

Time=300 ms Time=350 ms Time=400 ms 

(g

Figure A6. Kinematic response of the finite element model to an oblique impact according to NBDL [17,16].
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