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Child Neck FE Model Development and validation
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Abstract: Despite of recent progresses in occupant safety, the protection of children is not still optimal. To offer a better understanding
of child injury mechanisms, the present study proposes a human-like finite element model of a three years old child’s neck. The subject
was scanned with a medical scanner. The images were first semi-automatically segmented in order to extract the soft tissues and the
bones. In a second step, the different bones were separated slice by slice on the geometry previously reconstructed. The anatomic
structures are identified and each vertebra is reconstructed independently with special attention for the articular process. Finally, an
original meshing on the previous geometry was generated to obtain a finite element model of the child’s neck. For validation purpose,
the FEM response was superimposed with time corridors available in the literature for different impact cases, which have been scaled
down using adapted scale factors from Irwin and Mertz (1997).
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1 Introduction

Each year, more than 700 children are killed on European roads and 80.000 are injured. The EC project CHILD (Child Injury
Led Design) aims to improve the protection offered to children in cars by increasing the understanding of the injuries sustained and
providing innovative tools and methods for improvement of Child Restraint Systems (CRS) in cars. One of the tools developed is a
realistic three year old child neck finite element model. No paediatric neck finite element models exist yet, because of the lack of data
allowing validations. However, Irwin developed the “scaling method” to obtain dynamic child response from adult response. They
used adapted scale coefficients depending on the age of the child and scaled recorded accelerations and displacements. Tests carried
out by the N.B.D.L. (National BioDynamics Laboratory) for frontal, lateral, oblique (Ewing et al. 1968 [1] and Ewing et al. 1977 [2] )
as well as rear impacts (Prasad et al. 1997 [3] ) for adult neck were scaled down and used in the present child neck validation
procedure.

Concerning the state of the art in this domain, only three human-like child cervical spine models were found in the literature.
The first was developed by Kumaresan et al. (1997) [4] who developed three types of finite element models for three different ages
(1, 3 and 6 years). These models were limited to the cervical C4—C6 segment and resulted directly from the adult geometry. It must
be noticed that this adult model was developed in order to perform static simulations. Several types of model construction were
adopted using a pure geometrical scaling, the introduction of anatomical specificities without any scaling, and models using scaling
of geometry and mechanical properties simultaneously. For the first approach a pure geometrical scaling of the adult finite element
model was proposed. No geometrical modification and no anatomical specificity according to the age were introduced in the model.
Constitutive laws for the ligaments and the discs were not scaled, but maintained similar to those of adult. For computing and
meshing reasons (divergence of the model), it was impossible to conduce a “scaling down” of the model, i.e. a scaling factor lower
than 1. In order to solve this problem, the authors decided to realize a “scaling up” at 120, 140, 160 and 180%. The results were then
extrapolated by supposing that the answer is linear according to the scaling coefficient and thus of the age. For the second approach,
it was decided not to apply any scaling factor to the geometry of the adult. The meshing was thus identical to the adult’s one but
ligaments properties (stiffness) were modified in order to study their influences. In the last approach, scaling was used both on
geometry and material properties to integrate anatomical specificities with regard to the age. The comparison of the three types of
models was done under static conditions by applying either a compressive force (100 and 400 N), or a moment (0,25 and 1 Nm) at
the top of C4, with C6 fixed, and by measuring the main range of motion compared to that of the adult. It appeared that there was a
rigidification of the spinal segment studied with regard to the age, the 1-year-old child being much more flexible than the 6-year-old
child. Moreover, it has been noticed that the independent parameters which lead to the highest increase in mobility were anatomical
specificities and constitutive laws, rather than simple dimensional scaling, the combination of the two approaches yielding the
highest mobility increase. Nevertheless, even though the observed trends seemed to be in conformity with the experimental results on
animals, no experimentation on child is available to validate these results quantitatively, a limitation which the authors concede
readily. Finally, even if these models were not validated, it should be noticed that the inclusion of geometrical specificities of the
child’s neck can be helpful in the understanding of the injury mechanisms. The other 3-year-old child finite element model found in
the literature was developed by Mizuno et al. (2004) [5] by scaling down a global human finite element model to investigate the
potential injury risks from restraints. The last finite element model of child neck has been developed by Dupuis et al. (2006) and was
scaled down from adult model [6] . Its validation was performed against crash test dummy component sled tests. The accelerometric
responses of the head model were similar to those recorded experimentally with a Q3 dummy neck in backward, frontal and lateral
impact direction.

2 Model development
2.1 Model geometry

A three year old male child head and neck was scanned in order to base this study on a realistic human geometry and to integrate
the detailed vertebrae anatomy. The 3-Year-old child was scanned for clinical reasons and had no cervical abnormalities. The 1.1 mm
slices (figure 1) were first segmented semi-automatically in order to extract skin and bones and to reconstruct the geometry. This file
was then imported under Hypermesh V7.0 a meshing software. The surfaces were reconstructed, as illustrated in figure 2 so that the
cervical vertebrae could be completely meshed. Indeed, the explicit finite element calculation codes used in the crash field and in this
study, Radioss 4.4 (Altair©), require regular meshing that fulfils geometrical criteria influencing the computation time pitch. Table 1
summarizes the values of these criteria used throughout the meshing process.

The cervical vertebrae were modelled using shell elements, the intervertebral discs with brick elements and the ligaments with
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spring elements. The modelling option for vertebra is justified as shell elements offer the possibility to strictly respect the anatomical
surface and to declare this part as a rigid body in order to respect the geometry of the articular surfaces and to correctly reproduce the
inertias, even if the rigid body cannot reproduced fracture. For the facet interaction, the contact was reproduced with a sliding
interface.

Figure 1: Scanner slices treatment step for the 3D reconstruction of the cervical spine. Figure 2: Surface (igs) of the cervical vertebrae.

Figure 3: Ligamentary system of the lower spine (with the anterior longitudinal ligament (ALL), the posterior longitudinal ligament (PLL), the flavum ligament
(FL), the interspinal ligament (ISL) and finally the capsular ligaments (CL).
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Figure 4: Ligamentary system of upper cervical spine (Atlas-Axis).
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Figure 5: Finite element model of the 3-year-old child head-neck system. Figure 6: Surface meshing of the cervical column (C1-T1) with its
ligamentary system.

As far as the lower cervical spine is concerned, five types of ligaments were distinguished as shown in figure 3 i.e. the anterior
longitudinal ligament (ALL), the posterior longitudinal ligament (PLL), the flavum ligament (FL), the interspinal ligament (ISL) and
finally the capsular ligaments (CL).

For the upper cervical spine, the posterior common ligament (C2-C0; C2-C1; C1-C0), the atloidien-axoidien anterior ligament,
the transverse ligament, the yellow ligament (C2-C1), the transverse axoid ligament, the anterior occipito-atloid ligament, the alar
ligament, the posterior occipito-atloidien ligament, the capsular ligament C2-C1, the capsular ligament Head-C1, membrane tectaria,
the median occipito-odontoid ligament as well as the lateral occipito-atloidien ligament were modelled as illustrated in figure 4.

The option to represent the intervertebral discs with bricks elements (3 layers) is justified by the need to reproduce the 3D
shearing behaviour of this structure. Finally, a simplified head model is connected to the cervical column in order to integrate its
mass and inertia effect. Its inertial properties are given in table 4.

As a whole, the finite element model of the head-neck system thus defined consists of 48 296 elements divided into 44 758 shell
elements, 712 non linear spring elements and 2 826 volume elements. A more global representation of the model is given in figures 5
and 6.

2.2 Mechanical properties

Very limited mechanical properties on paediatric organs exist in the literature. For this reason, a scaling method has been
developed to obtain mechanical properties of child organs from adult ones. Irwin and Mertz (1997) [7] worked on this method and
found different coefficients for neck and head. Those scaling factors are applied to the adult head-neck system in order to obtain child
head neck mechanical properties.

The constitutive laws of each ligament in both the lower and upper cervical spines, are defined by referencing two
complementary studies, i.e. Chazal et al. (1985) [8] and Yoganandan et al. (2001) [9] . Chazal et al. (1985) study highlights the
non-linear viscoelastic behavior of ligaments. Yoganandan et al. (2001) gives information on their failure properties. The overall
behaviour of the ligaments can then be characterized by three points in the force versus deformation curve i.e. o4, oy, 03, determining
respectively the limit of the neutral zone, the linear part, and finally the plastic behavior. It is supposed in this study that only the
failure properties are lower for the child but that the viscoelastic behavior is remained.

The coefficients used for the present model are reported in table 2 and a representation of the typical behavior of the five
ligaments of the lower cervical spine is illustrated in figure 7.

In order to take into account the initial lengths of the ligaments in the model as well as those measured anatomically by
Yoganandan et al. on the lower cervical spine (2001) the following laws were calculated :

d=a *L*(i]
L

c_Fra,(L,
TN L

spring

i=12,3

Where dis the spring elongation, F; the force, Ngyin, the number of springs, L the experimental ligament length and L,, the mean
length spring in the model. For the upper ligaments the initial experimental lengths are not given by Yoganandan et al. (2001), so the
ratio between the initial length of the model and experimental are equal to 1. According to Irwin et al. (1997) and Yoganandan et al.
(2000) [10] scaling factors, all ligaments behaviour laws were scaled in terms of force. Their mechanical properties are detailed in
table 2. Most of neck FE models use an elastic law for the intervertebral discs and a wide range of Young’s Modulus values has been
observed in the literature, varying from 3.4 MPa in Yoganandan’s model to 200 MPa in Dauvilliers’ one [13]. Based on an adult
young modulus and taking the scale factor of 0.705 given by Yoganandan (2000) for the 3-Year old child intervertebral discs as
reference, we adopted a disc modulus of the order 100 MPa with a Poisson’s ratio of 0.3.

The child mechanical characteristics in terms of mass and inertias for the head and neck are taken from the work reported by
Deng et al. (1987) [11], scaled down using scale factors from Irwin (1997) and reported in table 3. Based on characteristic length
ratio 4 (i = x, y,z) , mass ratio ] , and mass density ration Ay linked by the following equation, new inertial properties of child
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Figure 7: Behaviour laws of the anterior longitudinal ligaments, ligament (ALL C2-C5), posterior longitudinal ligament (PLL C2-C5), flaval ligament (FL
C2-C5), interspinous ligament (ISL C2-C5), capsular ligament (CL C2-C5) issu from Chazal et al. (1985)

2.3 Model validation

Finite element models of adult necks are typically validated against experimental data carried out by the N.B.D.L., with frontal,
oblique, lateral impacts on adult (Ewing et al. 1968). The advantage of the N.B.D.L. tests is that they are well instrumented tests
carried out on volunteers and quite violent (15g for 100 ms). Unfortunately, it is not possible for ethical reasons to perform similar
tests on children. No data exist in the literature for dynamic validation of a paediatric neck models.

A new original validation method can then be applied for child neck, based on existing experimental tests on adults, using the
"scaling method" developed by Irwin et al (1997).

In the present study, inputs for the three-year-old-child model reported on figure 8 correspond to inputs used in the N.B.D.L.
tests on adult. The model is submitted to different imposed velocity depending on impact load (frontal, lateral, oblique rear impact of
N.B.D.L tests) (figure 8), applied at T1.

Outputs, i.e., head accelerations and displacements corridors for adult, are scaled down in accordance with Irwin’s method. In
this earlier study, several coefficients are proposed as a function of age. For the 3 YOC (3 year old child), the geometrical scaling
coefficients are detailed in table 3, and finally the ratio of accelerations is inversely proportional to the characteristic length ratio:

_ 1
R= )i,

Finally, new validation curves for child neck, based on adult experimentations are obtained and used to validate the model under
frontal, lateral, oblique and rear impact.

The following curves (figure 9 to 12) show the superimposition of experimental response (corridors) obtained with the scaling
method, and numerical curves obtained with the new finite element model of the child neck under respectively frontal, rear, lateral,
oblique impact. For each of these four figures, model validation is expressed in term of head acceleration and head/T1 relative
displacement. The kinematics of the whole head/neck system is reported as well for each impact configuration."

In order to provide a quantitative model validation, statistical analysis have been performed on the response of the FEM, for
each impact configurations.

For the frontal impact, a good correlation is observed in term of displacement (73% for x-displacement, and 99% for
z-displacement). In terms of acceleration, 52% and 45 % of the response respectively in terms of x-linear acceleration and z-linear
acceleration are included in the experimental corridor.
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Figure 8: Imposed speed at T1 in case of frontal impact (a) , lateral impact (b), oblique impact (c¢) and rear impact (d)
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Figure 9: Results under frontal impact: X-axis (a), Z-axis (b) linear head acceleration, X-axis (c), Z-axis (d) head displacement and kinematic response of the
whole head/neck system (e).
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Figure 10: Results under rear impact: global head acceleration (a), X-axis (b), Z-axis (c) head displacement and kinematic response of the whole head/neck

system (d).
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Figure 11: Results under lateral impact: X-axis (a), Y-axis (b), Z-axis (c) linear head acceleration, X-axis (d), Y-axis (d), Z-axis (f) head displacement and
kinematic response of the whole head/neck system (g).
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Figure 12: Results under oblique impact: X-axis (a), Y-axis (b), Z-axis (c) linear head acceleration, X-axis (d), Y-axis (e), Z-axis (f) head displacement and
kinematic response of whole head/neck system (g).

For the rear impact, only 23% of the global acceleration curve is inside the corridor. Errors in terms of x-axis and z-axis
displacement reach up to 52% and 46 % respectively, showing a less accurate response.

For the lateral impact, there is globally a good correlation between the FEM and the corridors up to 88% in terms of x-axis
acceleration being in the corridor. Only the z-axis displacement is slightly underestimated with 25% of the curve inside the corridor.

Finally, for the oblique impact, the FEM correctly reproduces acceleration of the centre of gravity of the head with only 30%
errors in terms of y-axis acceleration. For x-axis and z-axis acceleration, respectively 55% and 57 % of the curves are inside the
corridors. 62% of the points calculated concerning displacement along axis z are inside the corridor. For x axis and y axis
displacement, errors reach up to 50 and 58% respectively.

3 Discussion

For ethical reasons human child FE model validation is and will be a difficult or even impossible task in the future. However
helps to the scaling methods, FE modelling remains a powerful tool for injury mechanism investigation. If this limitation linked to
the model validation procedure is effective, it should be recalled here that children anthropometric test dummies are validated under
similar conditions and are routinely used in child restrain system evaluation. It is supposed that in a near future, more detailed
numerical models such as the one developed in the present study will enable a more detailed insight to child neck response.

The main originality of the proposed model is to consider a realistic and detailed geometry reproducing the child anatomy
particularity. By adding effort at geometrical level, to knowledge from adult neck biomechanics and mechanical properties scaling
the authors are convinced that children models can be provided and extensively used under accidental circumstances in order to
extract more realistic injury criteria than dummies can.

Beside this optimistic point of view, a number of limitation linked to the present study should be addressed. In addition to the
validation issue, important lack of data related to neck tissue and constitutive laws must be mentioned.

The objective of this model is to predict the kinematics of the different parts of the head neck structure, and to obtain forces and
elongations of each ligament as well as relative vertebrae motions at this parameters are supposed to be directly related to non severe
neck injury. Vertebrae fracture is therefore out of consideration. Improvement in this area will probably be possible in the future.

Concerning the quality of the validation, it should be pointed out that the model response here and there runs out of the corridor.
This typically appears in model validation under dynamic loading demonstrating that realistic model is provided even if not 100%
validated.

4 Conclusion

Based on medical images of a three year old child neck a detailed neck FE model is proposed including realistic vertebra
geometry, intervertebral discs and ligaments. Constitutive laws considered for the different tissue were obtained by scaling down
adult mechanical data from the literature. Validation of the model was performed under frontal, lateral, oblique, and rear impact tests
reported in the literature for adults and scaled down as well. The proposed model is ready for real world accident reconstruction
involving children in order to investigate neck injury criteria for the three year old child neck
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Tables
Table 1: Meshing criteria allowing the calculation time to be optimised.
Criterion Values
Length min. 2.25 mm
Length max. 3 mm
aspect ratio [1-2]
warpage [0-5]
angle quad (°) [70-110]
angle tria (°) [50-80]
Jacobien [0.7-1]
% of trias 6

Table 2: Coefficients used to define the adult ligaments constitutive laws (Chazal 1985). The rupture strengths are taken from Yoganandan (2001).

a @ as
Ligaments €1/€3max F1/Famax €/Emax Fa/Famax &3max C2-C5 F3max C2-C5 €3max C5-T1 Famax C5-T1
ALL 0.21 0.11 0.78 0.87 0.308 92.8 0.354 145.2
PLL 0.25 0.12 0.77 0.89 0.182 71.1 0.341 188.2
FL 0.28 0.21 0.76 0.88 0.77 121.5 0.884 129.1
ISL 0.3 0.17 0.75 0.87 0.609 38.6 0.681 38.6
CL 0.26 0.15 0.76 0.88 1.41 119.7 1.16 181.1
Upper
cervical 0.26 0.15 0.76 0.88 1 - 1 -
spine
ligaments
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Table 3: Geometrical scaling factors for head and neck of the 3 YOC.

Scale Factor

AX Ay Az Am
Head 0.876 0.876 0.876 0.672
Neck 0.637 0.637 0.637 0.259
Table 4: Cervical vertebrae inertial properties applied to the center of gravity of each body segment
Name Mass [g] Ixx [Kg.cm?] lyy [Kg.cm?] 12z [Kg.cm?]
Head 3200 130 180 120
T1 78 0.846 0.626 0.129
C7 58 0.763 0.328 0.965
C6 58 0.763 0.328 0.965
C5 50 0.636 0.210 0.753
C4 56 0.773 0.221 0.897
C3 70 0.816 0.325 1.01
C2 86 0.902 0.662 1.24
C1 57 1.28 0.36 1.58
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