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Remark 

After several reactions on this thesis, an indistinctness with respect to 
the development of the detailed model seem;?o exist. Finally, it must 
be possible to diagnose injuries with the (upper) cervical spine model. 
Therefore the detailed model, discussed in chapter 4, is developed. This 
model contains anatomical components (facet joints and ligaments) to  
which injuries can occur in case of extreme loads. Furthermore, it is able 
to simulate coupled rotations and translations. The detailed model is 
validated with the simple model, discussed in chapter 3, which represents 
the mean of the resulting main rotations of the experiments described 
in literature. Hopefully, this remark clarifies the reason to  develop the 
detailed model, despite the availability of the simple model. 

Wendela Meertens 
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Abstract 

This thesis presents a three-dimensional mathematical model of the upper cervical spine. 
The model is developed with the integrated multibody/finite element code MADYMO 
and describes the mechanics of the upper cervical spine for (quasistatic) physiological 
loads and for particular extreme loads. Furthermore, the model is compatible with an 
already existing lower cervical spine model. 

From a literature review, it is concluded that more data on physical properties are 
needed to develop a detailed cervical spine model properly. However, with the data 
presently available in literature, a simple model for loads up to 1ONm could be devel- 
oped. Firstly, a very simple model is developed and tested. The model consists of three 
rigid vertebrae connected by spherical joints, which have uncoupled nonlinear stiffness 
characteristics. This model accurately represents experimental data found in literature. 
Secondly, the simple model is extended with facet joints and ligaments. Initially, the 
ligaments are modelled with linear stiffness characteristics. The rotational results for 
flexion/extension, lateral bending, and axial rotation of this model agree very well with 
the results of the simple model, except for axial rotation at the CO-Cl joint. Then, the 
linear stiffness characteristics of the ligaments are enhanced such that the rotations of the 
detailed model for flexion/extension loads up to 1ONm compare well with the rotations 
of the simple model for the same loads. Finally, the ligaments are modelled with nonlin- 
ear stiffness characteristics. For flexion/extension, the rotations agree very well with the 
results of the simple model. In the future, the model can be adapted for lateral bending 
and axial rotation. 
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Chapter 1 

Introduction 

The subject of this thesis lies within the scope of a Ph.D research project carried out 
by De Jager [18, 19, 201. The aim of his research project is the development of a three- 
dimensional mathematical model of the human cervical spine. His model must describe, 
in detail, the biomechanical response of the human head and neck to  various dynamic 
(impact) situations, and it must incorporate injury mechanisms. Results of this research 
can be used for the improved development of safety devices, such as airbags and belts, 
and mechanical necks for crash dummies. A sufficiently refined model can be used as a 
tool to diagnose injuries of soft tissues of the neck. These injuries are difficult to identify 
and occur frequently to  victims of rear-end collisions (so-called whiplash patients). 

The cervical spine consists of the seven upper most vertebrae (Cl-C7) of the spinal 
column. The first and the second cervical vertebra are uniquely different from the other 
five cervical vertebrae. Due to these differences, the cervical spine is divided into the 
upper cervical spine (CO-Ci-C2) and the lower cervical spine (C3-C7), in which CO is the 
base of the skull. Therefore, initially two models are developed: one for the upper cervical 
spine and one for the lower cervical spine. The upper cervical spine model is presented in 
this thesis. 

Three major pitfalls in mathematical modelling of biological systems can be distin- 
guished. Firstly, many models published in literature suffer from oversophistication. If 
a model includes too many details, it can be difficult to determine the effects of these 
details on the behaviour of the model. Therefore, simplifications need to be introduced 
in order to reduce the complexity of a model. Secondly, there is a lack of reliable physical 
properties data. The consequence of the simplifications and the lack of data is that sev- 
eral assumptions need to be introduced during the modelling process. Finally, there is a 
lack of validation data. The used assumptions need to be evaluated, and this is done by 
validation of the model. Validation is achieved by comparing numerical predictions with 
experimental data. However, sufficient data suitable for evaluation lacks to  date. 

The aim of the study presented here is to develop and validate a three-dimensional 
mathematical model of the upper cervical spine, with the integrated multibody/finite 
element code MADYMO (appendix A). The model must describe the mechanics of the 
upper cervical spine. In the first place for (quasistatic) physiological loads, and later also 
for extreme, traumatic (dynamic) loads, in order to enable identification of injuries to the 
occipi t o- atlanto- axial complex. 

The upper cervical spine model will be part of the whole cervical spine model, men- 
tioned in the second paragraph. It must be compatible with the lower cervical spine 
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model, which is already available (Unger [45]). The model must be simple, to prevent 
oversophistication, and it must be open to validation, to check if the used assumptions 
are justified. 

In chapter 2, the functional anatomy and the kinematics of the mechanically relevant 
components of the upper cervical spine are discussed. Chapter 3 deals with a very simple 
mathematical model of the upper cervical spine, which represents the experimental data 
found in literature. These data cover the four basic motions of the head and neck. These 
motions are flexion, extensim, biteral Eendirig, arid axial rotation. In chapter 4, a detailed 
model is presented. The mechanically most important components are included: verte- 
brae, facet joints, and ligaments. Several assumptions and simplifications are introduced. 
Furthermore, a parametric study is described. Firstly, linear stiffness characteristics of 
ligaments are modelled for physiological loads. Then, for flexion/extension, the charac- 
teristics are enhanced for loads up to 10 Nm. Finally, nonlinear stiffness characteristics 
are determined for loads up to 10 N m  for flexion/extension. Discussion, conclusions, and 
recommendations are presented in chapter 5 .  



Chapter 2 

Functional anatomy and 
kinematics of the upper cervical 

e spine 

In this chapter, the functional anatomy (section 2.1) and the kinematics of the mechan- 
ically relevant components of the upper cervical spine are discussed (section 2.2). The 
information is mainly derived from the references [15, 18, 21, 22, 28, 461. More detailed 
information can be found in the references cited in sections 2.1 and 2.2. 

2.1 Anatomy 

The human spine can be divided into four regions: the cervical, thoracic, and lumbar 
spine and the sacroiliac region. The cervical region, the neck, is the upper part of the 
spine. The neck supports the head, allows for motion of the head relative to the torso, 
and protects the spinal cord. The cervical spine is curved convex anteriorly. This curve 
is known as cervical lordosis. 

The cervical spine comprises seven bony elements, called vertebrae (figure 2.1), which 
are numbered C1 through C7. The lower five cervical vertebrae (C3-C7) are identical in 
structure to each other. The first and the second cervical vertebra, the atlas and the axis, 
are uniquely different. Due to these differences, the cervical spine can be divided into the 
lower cervical spine, comprising vertebrae C3 through C7, and the upper cervical spine, 
comprising axis, atlas and occiput (base of the skull, abbreviated as CO). 

The upper cervical spine is also called the occipito-atlanto-axial region. The articula- 
tion between the atlas and the occiput is called the atlanto-occipital joint, the articulation 
between the atlas and the axis is called the atlanto-axial joint. The upper cervical ver- 
tebrae (CO-C2) are joined by ligaments, facet joints, and muscles. Facet joints carry 
load from one vertebra to another, whereas ligaments and muscles stabilise the cervical 
spine. Contrary to all other regions of the spine, the upper cervical spine contains no 
intervertebral disc between adjacent vertebrae. 

Other components in the neck, such as bloodvessels, skin and the spinal cord and 
associated structures are not taken into account, because these components do not con- 
tribute to the mechanical behaviour of the upper cervical spine. The components that 
are mechanically relevant are discussed in detail hereafter. 
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2.1. Anatomy 6 

Figure 2.1: The upper (1) and lower (2) cervical spine, and the skull [22]. 

2.1.1 Atlas and axis 

The atlas is the first cervical vertebra (Ci )  and supports the skull. The atlas consists of a 
bony ring with anterior and posterior arches (figure 2.2). The anterior arch is straighter 
and shorter than the posterior arch, and contains on its posterior surface a facet for the 
dens of the axis. The posterior arch comprises two pedicles, two lateral masses, two 
pairs of articular facets, two transverse processes, and two laminae. Contrary to  all other 
vertebrae, the atlas has no vertebral body and the posterior arch has a tubercle replacing 
the spinous process. The pedicles connect the laminae to the anterior arch. Large lateral 
masses are situated at the junction of the pedicles and the laminae. Top and bottom 
of each lateral mass are covered with an articular facet. These articular facets are part 
of the facet joints (section 2.1.2). The superior articular facets are concave and kidney- 
shaped. The inferior articular facets are round and almost flat. The transverse processes 
are long compared with the transverse processes of the other cervical vertebrae. They 
act as attachment point for muscles and ligaments. Each transverse process contains a 
transverse foramen through which the vertebral artery and its accompanying vein and 
nerve fibres pass. The anterior and posterior arch enclose the vertebral foramen. The 
vertebral foramina of all vertebrae together form the vertebral spinal canal through which 
the spinal cord and associated structures run. 

The axis is the second cervical vertebra (C2). It comprises anteriorly a vertebral body 
and the odontoid process or the dens, and posteriorly the arch with all the accompanying 
components and additional a spinous process (figure 2.3). The body is a cylindrically 
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shaped bone consisting of a centre of spongy bone surrounded by a thin layer of compact 
cortical bone. The inferior centre of the body is covered by a thin layer of hyaline cartilage, 
which is called the endplate. Lateral to both sides of the endplate, two small joints, called 
the uncovertebral joints, are found. These joints are not further discussed, because they 
are not important for the mechanical behaviour of the upper cervical spine. The axis is 
unique in having the dens which projects upwards from the vertebral body, and represents 
the missing body of the atlas. The dens articulates with the anterior arch of the atlas 
through a synovial joint. Held firmly in position by ligaments, the dens makes a pivot 
around which atlas and head rotate, thus permitting axial rotation of the head (figure 2.4). 
The spinous process acts as attachment point for muscles and ligaments. 

* 

lateral mass A 

articular facet 

tebral foramen 

transverse process 

Figure 2 . 2  Superior view of the atlas 
(based on  [15]). 

perior 
articular facet 

lamina 

Figure 2.3: Superior posterior view of the 
axis (based on [15]). 

h 

Figure 2.4: Superior posterior view of the articulation of the atlas (white) and the axis 
(grey) (based on [í5]). 
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2.1.2 Facet joints 

A facet joint is a load bearing, synovial joint between two adjacent vertebra. The four 
articular facets, two superior and two inferior, of a vertebra are part of the facet joints. 
The superior facets of the atlas articulate with the occipital condyles, the convex articular 
surfaces at the occiput. Their inclination is almost flat. The inferior articular facets of the 
atlas zrticulate with the superior articular facets of the axis. Their average inclht ion is 
about 20" from medial to lateral with the transverse place. The inferior facets of the axis 
face downward and forward. Their inclination with the superior facets of C3, which face 
upward and backward, is about 65" from front to back with the transverse plane. The 
surfaces of the articular facets and the occipital condyles are covered with cartilage. Two 
articulating facets are enclosed by a capsular ligament and a synovial membrane, which 
produces the synovial fluid, to form the facet joints. In general, synovial joints allow for 
sliding movements only, but within the facet joints more movement is possible due to the 
laxity of the capsular ligaments (section 2.2). These ligaments do not contribute much to 
the stability of the joints. 

2.1.3 Ligaments 

Ligaments and muscles are the most important stabilising components of the cervical 
spine. Ligaments provide stability for bony elements and help preserve the articulate 
nature of the spine. Furthermore they allow adequate spinal motions and restrict these 
motions within physiologic limits to protect the spinal cord. Finally, ligaments protect 
the spinal cord in traumatic situations in which high loads are applied at fast speeds. In 
these highly dynamic situations, the ligaments absorb large amounts of energy. 

Ligaments are composed primarily of two substances: elastin, a yellow elastic tissue, 
which allows ligaments to  stretch and to return to original length, and collagen fibres for 
(high) tensile stiffness. A typical load-deformation curve of a ligament has a nonlinear, 
sigmoidal shape drawn in figure 2.5. Firstly, a small load is required to deform the 
ligament. In the middle, linear part of the curve, more substantial effort is needed for 
deformation. During the last part of the curve, microtrauma occurs with increasing load 
eventually leading to failure of the ligament, indicated by a substantial drop in the load. 
Ligaments resist tensile forces but buckle when subjected to compression. 

Ligaments connect adjacent vertebrae or extend over several vertebrae. The ligaments 
of the upper cervical spine include continuations of ligaments that run along the entire 

load failure 

Figure 2.5 A typical load-deformation curve of a ligament. 
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length of the (cervical) spine and a number of ligaments that are unique to  this region. 
A description of the ligaments of the upper cervical spine, which is mainly derived from 
White & Panjabi [46] and completed with the references [6, 8, 10, 22, 381, is given here- 
after (figure 2.6). In general, all ligaments are tensioned during a movement, except the 
anterior ligaments during flexion and the posterior ligaments during extension. However, 
particular ligaments restrict mainly one movement. These functions of the ligaments are 
also rnectioned hereafter. 

I Anterior atlanto-occipital membrane 

Atlantal portion of alar ligament 

I 
Transverse y(”’ ,)q ligament \w 

\ 

Atlantooccioital / -  membrane ” %*,/,Y 

~ - -  - _ .  - 
Ligamentum nuchae 

Figure 2 . 6  Ligaments of the upper cervical spine [46]. 

Firstly, the ligaments of the anterior part of the upper cervical region are described. 
The anterior longitudinal ligament runs along the entire length of the spine. In the upper 
cervical spine, it begins at the anterior body of C2, attaches to the anterior arch of C1 ac- 
cording to White & Panjabi [46], but does not attach to C1 according to Kapaadji [22], and 
courses to the tubercle of CO. In the cervical region, it is a thin, translucent structure and 
little is known about the mechanical properties of this structure. The anterior longitudi- 
nal ligament covers anteriorly the anterior atlanto-axial and the anterior atlanto-occipital 
membrane. The anterior atlanto-axial membrane runs between the anterior surface of the 
dens and the inferior surface of the anterior arch of Ci .  The anterior atlanto-occipital 
membrane is a continuation of the anterior atlanto-axial membrane and runs between the 
superior surface of the anterior arch of C1 and the tubercle of CO. Both membranes limit 
extension. The anterior atlanto-dental ligament runs between the anterior surface of the 
dens and the inferior surface of the anterior arch of C1. This ligament limits anterior 
displacement of the atlas. The major portion of the cruciate ligament, the transverse lig- 
ament, is the most important ligament of the occipito-atlanto-axial complex. This strong 
ligament extends horizontally to attach to the articular facets of the atlas and holds the 
dens against the anterior arch of the atlas. The transverse ligament has an upward pro- 
longation to the occiput and a caudal extension to the posterior surface of the body of 
the axis. The ligaments appear in cross-shape and thus are called cruciate ligament. 
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The cruciate ligament, but especially the transverse ligament, limits flexion and anterior 
displacement of the atlas. The cruciate ligament is covered posteriorly by the tectorial 
membrane, which runs from the body of the axis up over the posterior surface of the dens 
and then makes a 45" angle in anterior direction as it runs toward the attachment on the 
occiput. It limits flexion. The tectorial membrane is covered posteriorly by the posterior 
longitudinal ligament that runs along the entire spine. In the upper cervical spine, it runs 
between the inferior surface of C2 and the occiput. 

The transverse &anent constrains the dens posteriorly. The Yens is held anteriorly 
by the dentate ligaments, which consist of the apical ligament and the alar ligaments. 
The apical ligament is a thin midline structure extending from the top of the dens to 
the occiput and is covered posteriorly by the cruciate ligament. It contributes little to  
CO-C1 stability and nothing to (31432 stability. The occipito-alar ligaments are a pair 
of structures that are attached to the dens on each side of the apical ligament, and each 
runs obliquely to the medial surfaces of the occipital condyles. The two structures form 
an angle of 140-180°. Also ligamentous connections between the dens and the anterior 
side of the lateral masses of the atlas extend as a portion of the alar ligaments. These 
are called the atlanto-alar ligaments. The alar ligaments limit axial rotation and lateral 
bending of the occipito-atlanto-axial complex. The left alar ligament limits rotation of 
the atlas and the head to the right, and the right alar ligament limits rotation to the left. 

Secondly, the ligaments of the posterior part of the upper cervical region are described. 
The posterior atlanto-axial membrane attaches to the posterior arch of C1 and C2. The 
posterior atlanto-occipital membrane is a continuation of the posterior atlanto-axial mem- 
brane. It connects the posterior arch of C1 to the posterior side of the foramen magnum 
of the occiput. Both membranes are a continuation of the ligamentum flavum that runs 
along the entire length of the spine and limit flexion. The nuchal ligament is a triangular 
structure that is divided into a funicular and a lamellar portion [io]. The funicular por- 
tion is a rounded band that runs from the posterior border of the occiput t o  the tip of 
the spinous process of C7, where it continues as the supraspinous ligament. The posterior 
border is free. The lamellar portion divides the posterior neck into right and left halves. 
Its superior border attaches to  the skull, its posterior border attaches to  the funicular 
portion, and anteriorly it attaches to the posterior tubercle of the atlas, the spinous pro- 
cess of the axis, and the interspinous ligaments. But practically, no difference between the 
lamellar portion and the interspinous ligaments exists. The lamellar portion is extremely 
thin and has little strength. The nuchal ligament is an attachment area of muscles and 
limits flexion. 

2.1.4 Muscles 

Neck muscles are required to  provide stability of head and neck in a given posture and to  
produce movements during physiologic activity. Muscles may also play a role in protecting 
the spine. 

The neck muscles can be divided into superficial, intermediate, and deep muscles. 
Superficial muscles cross through the neck region without having direct attachment to 
the cervical vertebrae. Intermediate muscles pass through the cervical region and have 
some attachments in this region. Deep muscles attach from one cervical vertebra to 
another or span one or more vertebrae. Especially these deep muscles are responsible for 
the kinematic and mechanical behaviour of the occipito-atlanto-axial complex. 

Hereafter, a brief description of the deep neck muscles is given. Muscles are not taken 
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into account in the modelling process, which is described in chapters 3 and 4, because of 
the lack of validation data. However, during the modelling process, use is made of in vitro 
data. The contribution of the muscles to the in vitro mechanics of the occipito-atlanto- 
axial complex is very small; only the passive elastic characteristic of muscles would be 
relevant, but these are neglected. A detailed description of the muscles has been omitted. 
The information is, additional to the references mentioned in the introduction of this 
chzpter, derived from Landau [23]. The prevertebra? muscles (figiire 2.7) comprise: the 
musculi (m.) rectus capitis anterior and the rn. rectiis capitis lateralis, which produce 
mainly flexion and bending at the CO-C1 joint, and the m. intertransversarii anteriores 
cervices and the m. intertransversarii posteriores cervices, which bend the vertebral col- 
umn laterally. The suboccipital muscles are responsible for the sensitive tuning of head 
motions, both at the CO-C1 and the Cl-C2 joint, caused by components of the lower 
regions of the cervical spine. They comprise the m. obliquus capitis inferior and the m. 
obliquus capitis superior and the m. rectus capitis posterior major and the m. rectus 
capitis posterior minor (figure 2.8). 

co 
c1 

c2 

rectus capitis lateralis 
c capitis anterior 

intertransversarii anteriores 

intertransversarii posteriores 

Figure 2 .2  Anterior view of the preverte bral muscles of the occipito-atlanto-axial 
complex (based on [22]). 

co 

c1 
c 2  

rectus capitis posterior minor 

obliquus capitis superior 

rectus capitis posterior major 

obliquus capitis inferior 

Figure 2.k  Posterior view of the suboccipital muscles of the upper cervical spine (based 
on  [22]). 
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cervical joint 
co-c1 

2.2 Upper cervical spine motions 

type of motion (representative angle in degrees) 
combined flexion/extension I one side lateral bending I one side axial rotation 

25 5 5 

Table 2.2: Representative values for the mnges of rotation of the upper cervical spine 1461 

2.2.1 Center of rotation 

During flexion/extension, lateral bending or axial rotation, the atlas rotates with respect 
to the axis (and the dens) about a center of rotation. The same goes for the occiput, 
rotating with respect to the atlas. The center of rotation (CR) is a point lying in the 
plane of motion, which does not move during the rotational motion. By way of illustration, 
figure 2.9 shows the approximate CR for flexion/extension and lateral bending according 
to White & Panjabi [46]. 

There are three CRs per joint: for flexion/extension, for axial rotation, and for lateral 
bending. Unfortunately, the literature is not unambiguous about the position of the CRs 
at the occipito-atlanto-axial complex. A possible reason for this is that, in reality, the 
CR is rather a mean rotation point of a particular movement than a fixed rotation point. 
The CR can vary with the relative position of the vertebrae. So, the determined position 
of the CR depends on the point of measurement during the rotational movement. At 



2.2. Upper cervical spine motions 13 

Figure 2.9  The approximate location of two centers of rotation at the atlanto-occipital 
joint. In the left figure, the indicated dot is the CR for right and left lateral bending 
(R,L) and the intersection point of the broken line and the mid-sagittal plane is the CR 
for  fEexion/extension, seen in the frontal plane. The left figure shows a view in the mid- 
sagittal plane. The dot indicates the CR for fiexion/extension (F, E), the intersection 
point of the broken line and the frontal plane through the center of the dens is the CR for 
lateral bending [d 61. 

the CO-C1 joint, the specification of the position of the CR for flexion/extension varies 
considerably. Goel [14] supposes that the CR runs through the geometric renter of the 
occipital condyles. According to Kapandji [22], the CR lies above the foramen magnum 
and runs parallel with a line connecting the posterior points of the lateral masses of C1, 
which corresponds to a plane through the center of the spinal canal of C i  and C2, the 
center of the foramen magnum, and the center of the mastoid processes. According to 
Van Mameren [27] and Moffatt [29], the CR is positioned posterior to the dens, in a 
horizontal plane approximately 8 m m  above the top of the dens. White & Panjabi [46] 
suppose that the CR runs through the center of the mastoid processes, and lies in a plane 
approximately 5 mm above the top of the dens. The CR for axial rotation lies according 
to Kapandji [22] on a vertical axis through the center of the foramen magnum, but above 
the foramen magnum, and according to Iai [16] anterior to the foramen magnum. The CR 
for lateral bending is according to Kapandji [22] a mid-sagittal axis above the foramen 
magnum, and lies according to White & Panjabi [46] 2-3  cm above the top of the dens. 

At the C1-C2 joint, the CR for flexion/extension lies in the region of the middle third 
of the dens [22,27,29,46], near the position of the transverse ligament [7,14,22], between 
the vertical symmetry axis and the posterior side of the dens [7 ,  27, 291. The CR for axial 
rotation lies in the central portion of the dens [14, 16, 461, on the vertical axis through 
the center of the dens [22]. The CR for lateral bending at the C1-C2 joint is unknown. 



Chapter 3 

The simple model 

Two three-dimensional mathematical models of the upper cervical spine are discussed. 
Firstly, a simple model which represents the experimental data found in literature is 
developed. Secondly, a more detailed model is developed. This model must be compatible 
with the model of the lower cervical spine that is already available (Unger [45]). This 
lower cervical spine model is made with the integrated multibody/finite element code 
MADYMO, which is elaborated in appendix A. For this reason, the upper cervical spine 
is also modelled using MADYMO. 

The model must describe the mechanics of the upper cervical spine: rotations and 
translations of vertebrae and the deformation of ligaments in relation to the applied 
loads. This can easily be done with a multibody model and relatively few calculation 
costs are involved. Furthermore, a multibody model is quite easy to set up and even 
more important, an already existing model is easy to  modify. However, the complexity 
of the geometry and the material behaviour that can be modelled is limited, which is a 
disadvantage of a multibody model. 

In this chapter, the simple model is presented. In section 3.1, a description of the 
model, and simplifications and assumptions done with regard to the anatomy are pre- 
sented. Up to  here, the simple and the detailed model are the same. In section 3.2, specific 
elements for the simple model and the implementation of this model in MADYMO are 
discussed. The simple model is tested extensively before the detailed model is developed. 

3.1 Description of the model 

To implement the upper cervical spine model in MADYMO, a lot of simplifications and 
assumptions with regard to the geometry of the occipito-atlanto-axial complex are intro- 
duced. The information described below is also relevant for the detailed model. Therefore, 
the information is more extensive than strictly necessary for the simple model. The up- 
per cervical spine is modelled as a three-dimensional system, which is symmetrical with 
respect to the mid-sagittal plane. The axis without the dens, the dens, the atlas, and 
the occiput are modelled as separate, oval cylindrical rigid bodies. The axis without the 
dens and the dens are modelled as two separate bodies for simplicity. Hereafter, the axis 
without the dens is called the axis. The occiput is modelled as a disc, because the exper- 
iments found in literature are done with the base of the skull, consisting of the foramen 
magnum surrounded by a small ring of bone and the occipital condyles, only. Geometrical 
properties of the rigid bodies are presented in table B.l (appendix B). 

14 
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The axis forms the basis of the model: it is rigidly connected to the inertial space. 
The dens is positioned on top of the axis. The distance between the anterior sides of the 
dens and the axis is 2 mm. The anterior side of the dens makes an angle of 77" from front 
to back, with the transverse plane [5].  Figure 3.1 is a schematic, mid-sagittal view of the 
axis, the dens and the atlas. Relative positions of (parts of) the bodies are derived from 
this figure. Axis and dens are joined by a rigid connection. The atlas is placed around 
the dens, and the bottom of the atlas is placed on top of the axis. The posterior side 
of the anterior arch of the atlas is positioned against the axteïioï side of the dem. The 
maximum anteroposterior diameter of the anterior arch of the atlas is 6.4mm [4]. The 
top of the dens rises approximately 0.5mm above the top of the atlas [46]. The base of 
the occiput is placed on top of the atlas. The center points of the bodies of CO and C1 
are vertically aligned. 

45.6 
8.0 _,_ 23.9 

c1 

c 2  

'.9 

.4 

Figure 3.1: Schematic mid-sagittal section of the axis, dens, and atlas. The geometric 
dimensions of the bodies are given in millimeters and are based on the literature [4, 5, 11, 
31, 33, 4 1 ~ 4 4 ,  471. 

Atlas and dens, and occiput and atlas are connected by a joint, which is placed at 
the center of rotation of these vertebrae. Here, only the position of the joints is deter- 
mined. The kinematic and dynamic properties are discussed in the sections about the 
implementation of the simple (section 3.2) and the detailed model in MADYMO (sec- 
tion 4.1). At the Cl-C2 joint, axial rotation and flexion/extension are the main motions. 
The position of the joint is chosen halfway the height of the dens, at its posterior side. 
Flexion/extension and axial rotation are the main motions at the CO-Cl joint. Therefore, 
the position of this joint is chosen at the intersection point of an anteroposterior line, 
8 mm above the top of the dens and a frontal plane through the posterior points of the 
lateral masses of the atlas. 

3.2 Implementation of the model in MADYMO 

The model, described in the previous section, is implemented in MADYMO and completed 
with specific elements for the simple model. Spherical joints are specified at the center 
of rotation of the CO-C1 and the Cl-C2 joint. Load-displacement characteristics of the 
joints represent the stiffness of the upper cervical spine. 
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body 

1 c 2  
2 dens 
3 c 1  
4 co 

For this simple model, the geometry of the rigid bodies is of minor importance, because 
no contact interactions are defined between the bodies. Kinematic data of the rigid bodies 
are presented in table 3.1. The body local coordinate system of C2, which is located in 
the geometrical midpoint of the base of C2, is the reference coordinate system of the 
model (figure 3.2). The mass m, and the principal moments of inertia I a r e  estimated 
(appendix B). The coordinates s of the origin of a body local coordinate system with 
respect to the origin of the local coordinate system of the lower situated body coincide 
with the origin of the rigid and spherical joints. The rigid connection between the dens 
and the axis is placed in the midpoint of the base of the dens. All bodies have the same 
orientation relative to the inertial space. The coordinates g of the center of gravity of the 
bodies with respect to  the body local coordinate systems are determined in the following 
way. The coordinate g,  of the four bodies is chosen to lie at half the height of the body. 
The center of gravity (cg.) of the axis lies, according to the literature, at the posterior 
side of the vertebral body. The c .g .  of the dens is vertically aligned with the joint between 
the dens and the axis. The c.g. of the atlas and the occiput are vertically aligned with 
the c.g. of the axis. This corresponds to a position in the region of the posterior third of, 
respectively, the lateral masses and the occipital condyles. These elements determine the 
position of the c.g. most, because of the relatively large weight. 

mass inertia origin center of gravity 
m Izz 12/21 122 sz sy s i  g z  gy 9.2 

(10-2 kg)  k g m 2 )  m )  m) 
5.4 1.1 1.1 1.8 - 11.4 O 10.7 

0.18 0.03 0.03 0.0024 18.1 O 21.4 O O 8.0 
4.6 1.1 1.1 2.2 -5.5 O 8.0 -0.5 O -0.25 
5.6 1.3 1.3 2.2 -11.5 O 16.0 11.1 O 0.2 

Table 3.1: Kinematic data on the rigid bodies of the implemented model. The same data 
are used for the detailed model. 

I t. 

joints with body local !+ coordinate systems 
c.g.  of bodies 

Figure 3.2: Mid-sagittal view of the body local coordinate systems (b.1.c.s.) of the model. 
g, and gz are the coordinates of the center of gravity (e.g.) with respect to the b.1.c.s.. 
s, and s, are the coordinates of the origin of the b.1.c.s. with respect to  the origin of the 
b.1.c.s. of the lower situated body. 
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3.2.1 

The dens and the atlas, and the atlas and the occiput are connected by a spherical joint. 
The only possible movements of a spherical joint are rotations about the x-, y- , and 
z-axis. Relative translations of the bodies are suppressed. The stiffness of the joints 
can be prescribed by means of pure elastic moment-rotation (T-8) characteristics. For 
each joint, thïee characteristics are prescribed: orìe for flexion/extension, m e  for 2xi21 
rotation, and orìe far !ateral b e n h g .  Firstly, the characteristics &re determined for 
physiological loads by taking the average of the data of six similar experiments found 
in literature [3, 32, 34, 35, 36, 371. Cervical spine specimens were loaded at the occiput 
for which six pure moments were used: flexion, extension, left and right lateral bending, 
and left and right axial rotation. Loads were incrementally increased up to a maximum 
moment of 1.5Nm. All six motion components of CO, C1, and C2 were measured after 
each loadstep. For both intervertebral joints, the neutral zone, the elastic zone, and the 
range of motion are reported for the rotations. The neutral zone (NZ) is the rotation at the 
zero-load point measured from the neutral position (NP)(figure 3.3). The NP is the mean 
of the positive and negative NZ. Normally, this is the point at which the rotation equals 
zero. The NZ is characterised by the relatively large rotations that already occur for very 
small moments. The elastic zone (EZ) is the rotation measured from the zero-load point 
to the maximum load point. The range of motion (ROM) is the sum of the rotations of the 
neutral and the elastic zone. Physiological loads lie in the range -1.5 5 T 5 1.5 Nm [34]. 
A physiological load causes a rotation of the head and neck which is reached under normal 
physiological circumstances. Table 3.2 presents the resulting nonlinear characteristics. 
The column 'motion' shows the type of motion for which the characteristic is specified. 
The spherical joint between the dens and the atlas is called the C1-C2 joint, the joint 
between the atlas and the occiput is called the CO-C1 joint (third column). For each 
characteristic, five points are determined: the neutral point of a characteristic (point 3), 
the NZ for positive and negative rotations (points 2 and 4), and the ROM for positive 
and negative rotations (points 1 and 5 ) .  The parts of the characteristics for left and right 
lateral bending or right and left axial rotation are the same, because of the symmetry of 
the model in the mid-sagittal plane. 

The next step is to enhance the moment-rotation characteristics for loads larger than 
physiological loads, but smaller than loads for which the point of maximum resistance 

Stiffness of the spherical joints 

displacement 

t 

+NZ "? 
Figure 3.3  Motion parameters of neutral tone, elastic zone, and range of motion. NP is 
the neutral position. 
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no. motion joint point1 point2 point3 point4 
81 TI 82 T2 83 T3 84 T4 

point5 
85 T5 

1 
2 
3 
4 
5 
6 

( T a 4  ( N m )  
0.165 1.5 
0.214 1.5 
0.609 1.5 
0.087 1.5 
0.178 1.5 
0.108 1.5 

( r a d )  ( N m )  ( rad)  ( N m )  ( r a d )  ( N m )  ( r a d )  ( N m )  
LRLB1 Cl-C2 -0.165 -1.5 -0.090 -0.01 O o 0.090 0.01 

EF2 Cl-C2 -0.173 -1.5 -0.103 -0.01 O o 0.102 0.01 
RLROT3 Cl-C2 -0.609 -1.5 -0.492 -0.01 O O 0.492 0.01 

LRLB CO-Cl -0.087 -1.5 -0.045 -0.01 O O 0.045 0.01 
EF co-c1 4.285 -1.5 -0.115 -0.01 o 0 0.107 0.01 

RLROT CO-Cl -0.108 -1.5 -0.023 -0.01 O O 0.023 0.01 

'The system moves from full left to  full right lateral bending. 
'The system moves from full extension to  full flexion. 
3The system moves from full right to full left axial rotation. 

Table 3.2 Data of the moment-rotation characteristics of the spherical joints. 

(&12Nm, figure C.1) is reached. For (quasi)static loading conditions, the range -10 5 
T 5 1ONm is suitable. In literature, the data of only one type of experiment done 
under this kind of loading conditions are available [i, 131. Unfortunately, the described 
experiment is done for right axial rotation only and only the relative rotations of C2 with 
respect to CO are measured. From these data, the change in mechanical behaviour for 
loads larger than 1.5 Nm as compared to loads below 1.5 N m  can be quantified for axial 
rotation of CO-C2. It is assumed that a (quantitatively) similar change applies also to 
the other loads as well as to the CO-Cl and Cl-C2 joint. Then, two additional points can 
be determined to enhance the moment-rotation characteristics up to moments of f l 0  N m  
(see appendix C). Table 3.3 presents those two points. 

point0 
80 To 

( r a d )  ( N m )  
-0.298 -10.0 
-0.306 -10.0 
-0.832 -10.0 
-0.167 -10.0 
-0.607 -10.0 
-0.271 -10.0 

point6 
8 6  T6 

0.298 10.0 
0.429 10.0 
0.832 10.0 
0.167 10.0 
0.314 10.0 
0.271 10.0 

( r a d )  ( N m )  

Table 3.3  Extra points of the enhanced moment-rotation characteristics of the spherical 
joints. 

3.2.2 

The testing of the simple model consists of two parts. Firstly, the model is tested for 
physiological loads. To the geometrical midpoint of CO, successively, a static moment of 
f1.5 Nm around the x-, y-, and z-axis is applied. The moment is increased from zero to  its 
maximum in 1.0 seconds. The relative rotation of C1 with respect to C2 and of CO with 
respect to  C1 for flexion/extension, lateral bending, and axial rotation is determined. 
If pure elastic moment-rotation characteristics are prescribed for the spherical joints, 
the output is oscillating around the prescribed characteristics. If minimum damping 
coefficients of 0.05 Nmslrad  are assigned to the spherical joints, the numerical solution 

Testing of the simple model 
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of the model is exactly equal to the prescribed characteristics. If the load would be 
applied during a longer time interval, the numerical solution would be exactly equal 
to the prescribed characteristics, without assigning damping coefficients to the spherical 
joints. From the simulations, it is concluded that the modelling of the upper cervical spine 
in MADYMO is done correctly. Furthermore, the output of the model is converted into 
moment-rotation characteristics for the CO-C1 and the Cl-C2 joint for the three directions 
of motion. These characteristics are a good representation of the characteristics of the 
experiments described in Sterature [3,32, 34, 35, 36, 371. Figwe 3.4 is an example of this 
similarity between the result of the simulations and the experimental data. 

Ci -C2 extencion-flexion 

I 

I 
-2 -1 O 1 2 

moment [Nm] 

-20 ' 

Figure 3.4: Moment-rotation curves of the Cl-C2 joint for fEexion/extension. The solid 
line is the result of the simple model. The dotted lines represent the experimental data. 

The second part of the testing, consists of increasing the applied moments until 
I T I = 1ONm. The moment is increased from zero to  its maximum in 6.7 seconds. 
If the damping coefficients of the spherical joints are increased until 0.25 Nmsl rad ,  the 
output of the model is exactly equal to the prescribed characteristics. This is obvious, be- 
cause earlier we concluded that the model was implemented correctly in MADYMO. The 
resulting moment-rotation characteristics for the three directions of motion are presented 
in figure 3.5. 

3.3 Conclusion 

The simple model consists of four rigid bodies, representing CO, C1, and C2. The bodies 
are connected by spherical joints, which have nonlinear, elastic stiffness characteristics. 
For loads up to 10 Nm, the results of the simulations with this model agree excellent with 
the experimental data. Therefore, these results can be used to check the results of the 
detailed model, discussed in the next chapter. 
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CO-Cl flexion-extension 

moment [Nm] 

CO-Cl lateral bending 

C1 -C2 flexion-extension 
30 I 1 

........ .......... 
E. extension s 0 ....... 
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moment [Nm] 

C1 -C2 lateral bendina 

moment [Nm] 

CO-Cl axial rotation 

moment [Nm] 

Cl-C2 axial rotation 
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Figure 3.5 Resulting moment-rotation characteristics of the simple model for loads up to 
10 Nm. 



Chapter 4 

The detailed model 

In this chapter, the detailed model is discussed. To model the detailed model, the simple 
model presented in the previous chapter is extended with ligaments and facet surfaces. In 
section 4.1, the modelling, the implementation in MADYMO, and the testing of the model 
are presented. To get insight into the influence of the stiffness of the ligaments and the 
orientation of the facet surfaces on the mechanical behaviour of the model, a parametric 
study is performed (section 4.2). With the results of this parametric study, the stiffness 
of the ligaments and the orientation of the facets are adapted so that for each direction 
of motion, the ranges of motion of the detailed model approach the ROMs of the simple 
model as close as possible for physiological loads of 1.5 Nm (section 4.3). In section 4.4, 
the linear stiffness characteristics of the ligaments are extended for loads up to  10 Nm, for 
flexion/extension. Finally, the stiffness characteristics of the ligaments for physiological 
loads and for loads up to 10 Nm are combined into one nonlinear stiffness characteristic 
for each joint for flexion/extension. The results of the detailed and the simple model are 
compared in section 4.5. 

4.1 Modelling, implementation, and testing of the model 

Starting point of the modelling process, is the simple model discussed in chapter 3. To 
obtain an anatomically more realistic situation, facet joints and ligaments are added 
to this model. A problem during the modelling process of these parts of the occipito- 
atlanto-axial complex was, however, that not all relevant data on the articular facets 
and the ligaments were available in literature. The spherical joints of the simple model 
between atlas and dens, and occiput and atlas are replaced by joints without kinematic 
constraints. These joints have six degrees of freedom. Therefore, the exact position of the 
joints is not important. For simplicity, the joints have the same position as the spherical 
joints of the simple model. At each joint, a dynamic joint is modelled. This is done to 
make it possible to describe rotational damping to the system, and to get the resulting 
rotational movements of the rigid bodies in Bryant angles. The rotational damping is the 
only damping in the system. 

4.1.1 The articular facets 

The facet joints are modelled as thin ellipsoids, attached to the rigid bodies, between which 
elastic, frictionless contact interactions are defined. The surrounding capsular ligaments 

21 
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are discussed in section 4.1.2. The outer surface of the ellipsoids represents the contact 
surface of the articular facets. Geometrical data of the facets of the upper cervical spine 
are incomplete in literature. Therefore several assumptions with respect to  the geometry, 
orientation, and position of the articular facets are introduced. Details are presented in 
appendix B. 

In MADYMO, contacting bodies can only be modelled as ellipsoids with a variable 
rounding and these ellipsoids may not penetrate each other initially. This is a great 
disad-vanitage, because the superior hcets of C1, a;id to a lesser degree, the hferior facets 
of C1 and the facet on C1 for the dens have a concave shape. This shape can only be 
approximated by taking more ellipsoids for the facets, but this was very difficult to realise. 
Therefore, these concave facets of C1 are modelled as a flat surface (see figure 4.1). The 
facets on the occipital condyles are modelled as a spherical surface. The superior facets 
of C2 and the facet on the dens for the atlas are modelled as slightly rounded surfaces 
of which the rounding lies between a flat and a spherical surface. The inferior facets of 
C2 are not modelled, because they are not important for the mechanical behaviour of the 
occipit o-atlant o-axial complex. 

Contact interactions are defined between the ellipsoids representing the articular facets 
of the occipital condyles and the superior facets of C1, the inferior facets of C1 and the 
superior facets of C2, and the facet on the dens and the atlas. Despite the relatively weak 
cartilage layer on the outer surface of the articular facets, the contact interactions are 
modelled as rigid contacts. The cartilage layer is very thin, so that the contact interactions 
depend mainly on the stiffness of the underlying bone, which has a relatively high stiffness. 
However, the modelling of pure rigid contact interactions is not possible in MADYMO. 
By assigning a high stiffness to  the ellipsoids, a rigid contact interaction is approached 
as close as possible. Unger [45] determined that a stiffness of 1.0 - lo6 N / m  together with 
a minimum thickness of 2mm of the ellipsoids is sufficient for a proper working of the 
contact interaction routine. If an ellipsoid penetrates a contacting ellipsoid, the contact 
force increases linear with increasing penetration. In order to approach the behaviour of a 
synovial joint, the contact interaction between the ellipsoids is pure elastic and frictionless. 

4.1.2 Ligaments 

Only the ligaments which are most important for the mechanical behaviour of the upper 
cervical spine are modelled: the occipito-alar ligaments, the anterior atlanto-occipital and 
atlanto-axial membrane, the posterior atlanto-occipital and atlanto-axial membrane, the 
capsular ligaments between CO and C1, and C1 and C2, the transverse ligament, and 
the tectorial membrane (figure 2.6). Very few usable data on these ligamerits are found 
in literature. A ligament may be approached by a one-dimensional element, despite the 
width of a ligament. The moment on a vertebra caused by the lateral sides of a ligament is 
negligible with respect to the external applied moment [45]. The ligaments are modelled 
as pure elastic springs. The stiffness of the springs is prescribed by linear force-strain 
characteristics. Most ligaments are modelled with a Kelvin element. Both the transverse 
ligament and the tectorial membrane slip over the dens. To model this contact, use is 
made of a belt system consisting of two connected belt segments. At the connection of 
the segments at the dens, 100% slip is possible. 

Very few data on geometrical properties of ligaments are available in literature. In 
most cases, the length and the coordinates of the position of the attachment points of the 
ligaments are estimated on the basis of anatomical figures and photographs (figure 4.1). 
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co 

c1 

c2 

Cl  

1= facets on CO 
2= superior facets C1 co 3= inferior facets C1 
4= superior facets C2 
5= facet dens (-atlas> 
6= facet atlas (-dens) 
7= alar ligaments 
8= anterior membrane CO-C1 
9= anterior membrane C1 -C2 

lû= posterior membrane CO-C1 
11= posterior membrane C1-C2 
12= capsular ligaments CO-C1 
13= capsular ligaments Cl-C2 
14= transverse ligament 
15= tectorial membrane 

C l  

c2 

Figure 4.1: Lateral (upper left), top (upper right), and frontal (lower) view of the detailed 
model. 

Details on these properties are presented in table B.3 (appendix B). 
The force-strain characteristics are prescribed by two points, between which is linearly 

interpolated. The ligaments are untensioned when no load is applied. This is the first 
point: (O, O ) .  The second point consists of the strain and the force at the point of rupture 
when the ligament is subjected to a tensile force. This point is much more complicated 
to determine. The strain is defined as E = Al/Eo in which A l  is the elongation and 10 is 
the rest length of a ligament. For all ligaments, except the anterior and posterior atlanto- 
axial membrane, the elongation and the failure force is known, but the corresponding 
rest length of the tested ligament is not mentioned [30, 40, 421. For the alar ligaments 
and the transverse ligament, the rest length is known from literature. For the remaining 
ligaments, the rest length is estimated from the estimated attachment points. So, the 
calculated strain of these ligaments is rather a global indication than a reliable data. The 
failure force of the anterior and posterior atlanto-axial membrane is chosen equal to the 
failure force of respectively the anterior and posterior atlanto-occipital membrane. It is 
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remarked that the rest length and the failure force on the transverse ligament are doubtful 
because of the abnormally large dimensions of the transverse ligament and some anterior 
parts of C l  reported [42]. Unfortunately, these are the only data found. The reported 
elongation and failure force of a ligament are the result of a tensile test performed with 
a particular speed. Both the elongation and the failure force, depend on the speed of 
the test. So, the results of tensile tests of different experiments are difficult to compare. 
Tabie 4.1 presents the second point of the force-strain characteristics. 

ligament 

alar ligaments 
anterior membrane CO-Cl 
anterior membrane Cl-C2 

posterior membrane CO-Cl 
posterior membrane C1-C2 

capsular ligament CO-C1 
capsular ligament C1-C2 

transverse ligament 
tectorial membrane 

point 2 
strain force 

E2 F2 

1.1 395 
1.3 233 
1.3 233 
1.4 83 
1.4 83 
1.2 298 
1.2 298 

0.19 568 
0.34 66 

(-> (Y 

Table 4.1: Second point of the force-strain characteristic of the ligaments. The first point 
is (0,O). 

4.1.3 Testing of the model 

In the same way as the simple model, the detailed model is tested for physiological loads. 
To the geometrical midpoint of CO, successively, a static moment of f1.5 Nm around 
the x-, y-, and z-axis is applied. The moment is increased from zero to its maximum in 
1.0 seconds. The maximum relative rotation of C1 with respect to C2 and of CO with 
respect to C1 for flexion/extension, lateral bending, and axial rotation is determined. 
Table 4.2 presents these rotations for two almost identical models and the simple model. 
The difference between model A and model B is that for model B a small change is 
introduced in the coordinates of the attachment points of the capsular ligaments. It was 
observed that through some changes in the orientation of the facet surfaces, the center of 
the capsular ligaments of the CO-Cl joint did not coincide with the center of the posterior 
side of the facet surfaces. Furthermore, the length of the capsular ligaments of the C1-C2 
joint was slightly longer than 9 mm. For model B, this was corrected. It is remarked that 
the data in table B.3 (appendix B) are determined for model B. The difference between 
the results of model A and B is very small, except for axial rotation at the Cl-C2 joint. 
This is not further discussed. For the proper results, the ranges of motion of the detailed 
model should be approximately the same as the ROMs of the simple model, because these 
ROMs represent the experimental data (section 3.2.1). All ROMs of the simulations with 
the detailed model are too small compared with the rotations of the simple model, except 
for axial rotation of CO-C1, for which the rotations are too large. Thus the detailed model 
needs to be improved. Therefore, in the next section, a parametric study is performed. 
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motion type joint I ranges of motion 

flexion c o - c 1  
Cl-C2 

extension CO-C1 
Cl-C2 

la te id  Seading CO-C1 
Cl-C2 

axial rotation CO-C1 
Cl-C2 

I model A I model B 
( rad )  
0.110 
0.087 
-0.251 
-0.108 
3.063 
0.072 
0.228 
0.362 

0.081 
-0.254 
-0.108 
U.060 
0.068 
0.231 
0.315 

simple model 

0.178 
0.214 

( r a 4  

-0.285 
-0.173 
0.087 
0.165 
0.108 
0.609 

Table 4 . 2  Rotational results of the ranges of motion of the detailed model (model A and 
B) and the simple model. 

4.2 Variation ~f ligament stiffness and facet orientation 

To get good insight into the influence of the ligaments and the orientation of the articular 
facets on the mechanical behaviour of the model, a parametric study is performed. The 
stiffness of the ligaments and the orientation of the facet surfaces is varied. The variation 
of the stiffness of the ligaments is chosen such that the change in rotation is not unsensibly 
large. The change in the ROM is compared with the ROM of the original model: 

The results of this study are presented in table 4.3. Most of the variations are performed 
with model A. Some variations are performed with model B, which is indicated in the 
table. The solution of half of the variations for lateral bending and of a few variations for 
axial rotation is strongly oscillating. If damping coefficients of 0.25 Nmslrad  are assigned 
to the dynamic joints, the oscillations are suppressed. If the prescribed load would be 
applied during a longer time interval, the oscillations would not appear. The introduction 
of damping in the system has no influence on the ROMs. Extension is most strongly 
influenced by halving the stiffness of the alar ligaments. It is obvious that variation of 
the stiffness of the anterior membranes influences extension most, and that variation of 
the stiffness of the posterior membranes influences flexion most. It is remarkable that 
the change in the ROM at the CO-C1 and the C1-C2 joint are opposite to each other for 
extension. A large rotation at one joint seems to oppose the rotation at the other joint, 
for which no explanation is known. Variations of the stiffness of the capsular ligaments 
influence all motions, except extension. Apparently, the center of rotation for extension 
at both joints lies (almost) in the same frontal plane as the attachment points of the 
capsular ligaments. Furthermore, an increase of 5" of the rotation about the x-axis of the 
facet surfaces of the CO-C1 joint influences lateral bending at the CO-C1 joint most. The 
remaining variations have less influence on the ROMs. 
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O O 
O O 
O + 
O O 
O O 

++++I - - -- 

stiffness d a r  lig. 
no ant. memb. CO-Cl 
no ant. memb. Cl-C2 
no post. memb. CO-Cl 
no post. memb. Cl-C2 + stiff. capsular lig. Co-Ci 
stiff. capsular Eg. C1-C2 

no transverse lie. ... 
no tectorial membrane O O + I  O 1  

cpz facet surf. CO-Ci: +io I ++ O 
ps facet surf. CO-Ci: + 2 O  
pz facet surf. CO-Ci: +so 
ps facet surf. Ci-C2: +io 
pz facet surf. Ci-C2: + 2 O  
cpz facet surf. Ci-C2: +so 
pz facet surf. Co-Cï: -1' 
cpz facet surf. CO-C1: +io 
vz  facet surf. CO-Cï: +so 

+ O + O 
O 

O ++ + + 
++ + 

- 
O + 
+ + 
O + 

lateral bending 
co-Cl  Cl-C2 

+ + ++ ++ 
+ + 

++++ +++ +++ +++ 
O + ++ + 

++ + 

++I ++' 
+ I  O '  

- 
1 

+++ 
O 1  - 
+ ++ ++ - 

O + 
O + 

axial rotation 
co-c1 C1-C2 

- + 
+ 
O O 
+ ++ ++++ - 
O +++ 

- 

+++ - - -  

i - 
O - 
- + 

- - 

- + 

'Variation performed with model B. 

Table 4 . 3  Influence of variation of the stiflness of ligaments and the orientation of facet 
surfaces on the ROMs. Explanation of the signs: O = no influence, +/- = an in- 
crease/decrease in the absolute value of the ROM of 1-5%, + + / - - = 6-10% in- 
crease/decrease, + + +/ - -- = 11-30% increase/decrease, + + + + / - - - - = more 
than 30% increase/decrease. A blank position means that the influence is not studied. 

4.3 Adaptation of ligament stiffness and facet orientation 
for physiological loads 

On the basis of the results of the parametric study, the second point of the force-strain 
characteristics of the ligaments and the orientation of the facet surfaces are adapted such 
that the ROMs of the detailed model approach the ROMs of the simple model as close 
as possible €or physiological loads. The rotations at the Cl-C2 joint are very difficult to 
get close to the rotations of the simple model. To improve this, two possible solutions 
are examined. Firstly, a new orientation of the articular facets, based on Panjabi [39], is 
tried. The facets are successively rotated -0.65 rad about the y-axis and 60.46 rad about 
the x-axis. The resulting ROMs are, in general, better than for the original model, except 
for extension at the CI-C2 joint and axial rotation at the CO-Ci and the Ci-C2 joint. It 
is suspected that adaptation of the force-strain characteristics may lead to comparable 
results as for the original model. However, for extension and axial rotation at the C1- 
C2 joint, this can be very difficult. So, this is not the right solution for the problem. 
Secondly, a change in the modelling of the shape of the superior articular facets of C2 is 
made. These facets are modelled as slightly rounded surfaces. The resulting rotations at 
the Cl-C2 joint are considerably larger, if the facets are modelled as spherical surfaces. 
This is a better option to solve the problem and is therefore chosen for modelling. There 
is still the problem of the rotation at the CO-Cl joint for axial rotation, which is much 
too large. The cause of this problem is probably the shape of the superior articular facets 
of C1. In the human neck, the superior facets of C1 form a socket in which the occipital 
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condyles are placed. The stand-up edge of the facets constrains the movement of the 
occipital condyles in case of axial rotation. A possibility to simulate this is to increase 
the rotation of the superior facets of C1 about the x-axis, but this would be of expense of 
the rotation for lateral bending. As long as it is not possible to model arbitrary contact 
surfaces, there is probably no solution for the problem. Because axial rotation is less 
important in case of (car) crashes, axial rotation at the CO-Cl joint is not considered 
further in this thesis. 

Hereafter, all simulations are performed with model B, which will be called the de- 
tailed model. Damping coefficients of 0.25 Nmslrad are assigned to the dynamic joints. 
The final force-strain characteristics of the ligaments and orientations of the facet surfaces 
are presented in table 4.4. The adapted failure force seems for some ligaments unreal- 
istic. Especially the stiffness of the capsular ligaments and the posterior atlanto-axial 
membrane are considerably decreased. During the adaptations, the experimental stan- 
dard deviations of the forces are not taken into account. Except the alar ligaments, the 
transverse ligament, and the tectorial membrane, the final forces do not lie within the 
mean plus or minus the standard deviation of the experimental forces. In the last column 
of the upper part of the table, the ratio of failure force and relative elongation is given. 
The value of this ratio is an indication for the stiffness of the ligaments, which can be mu- 
tually compared. The transverse ligament has an extremely high stiffness. Furthermore, 
the alar ligaments, the anterior membranes, and the tectorial membrane have a relatively 
high stiffness. 

ligament 

alar ligaments 
anterior membrane CO-Cl 
anterior membrane Cl-C2 

posterior membrane CO-Cl 
posterior membrane Cl-C2 

capsular ligament CO-Ci 
capsular ligament Ci-C2 

transverse ligament 
tectorial membrane 

contact surface 

occipital condyles 
superior facets C1 
inferior facets C1 
superior facets C2 
facet dens (-atlas) 
facet atlas (-dens) 

point 2 
Fz 
9 2  

strain force 
e2 F2 
(-1 
1.1 
1.3 
1.3 
1.4 
1.4 
1.2 
1.2 

0.19 

(N) (NI 
300 (395) 273 
185 (233) 142 
160 (233) 123 
55 (83) 39 
40 (83) 29 

150 (298) 125 
90 (298) 75 

568 2989 
0.34 50 (66) 147 

Yx YY PI 
orientation 

( T U 4  (7Ud) (TUG?) 

f0 .315  ( f0 .35)  O ~ 0 . 4 4  
f0 .315  ( f0 .35)  O ~ 0 . 4 4  

F0.485 (f0.365) O O 
F0.485 (f0.365) O O 

O -0.23 O 
O -0.28 O 

Table 4.4: Final values of the second point of the force-strain characteristics of the liga- 
ments and orientation of the facet surfaces fo r  physiological loads 4 T 1 < 1.5 Nm). Between 
parenthesis, the original value of the force and the orientation is given. 
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adapted model 

0.183 (2.8%) 
0.216 (0.9%) 
-0.295 (3.5%) 
-0.179 (3.5%) 
0.097 (11.5%) 

0.296 (174%) 
0.562 (-7.7%) 

( T a d )  

0.149 (-9.7%) 

4.3.1 

Table 4.5 presents the resulting ROMs of the adapted detailed model for physiological 
loads. The maximum difference between the ROMs of the detailed and the simple model 
is relatively small: 11.5% (axial rotation at the CO-Cl joint is not taken into account). All 
rotations lie within the mean plus or minus the standard deviation of the simple model. 
The s t x i d a d  deviztion is the rr;eal; of the standard deviations of the data feud in litera- 
tnre [3, 32, 34, 35,36,37]. The rotations €or lateral bending at the CO-C1 and the C1-C2 
joint are a compromise. From table 4.3, it is evident that, for lateral bending, a decrease 
of the rotation at the CO-Cl joint is coupled with a decrease of the rotation at the Cl-C2 
joint when the stiffness of a ligament is increased. The moment-rotation characteristics 
for the model are given in figure 4.2. Because of the linear stiffness characteristic of the 
ligaments, the neutral zone of the moment-rotation characteristics is hardly present. The 
flat part around the (0,O)-point of the characteristics is caused by the damping force 
which generates a moment which is higher than the applied moment in the very first part 
of the simulations. 

Results of the simulations for physiological loads 

simple model 

0.178 (50.071) 
0.214 (f0.054) 
-0.285 (f0.069) 
-0.173 (f0.073) 
0.087 (f0.040) 

0.108 (50.062) 
0.609 (rt0.140) 

( r a 4  

0.165 (&0.095) 

motion type joint 

flexion co-Cl  
Cl-C2 

extension CO-Cl 
Cl-C2 

lateral bending CO-Cl 
Cl-C2 

axial rotation CO-Cl 
Cl-C2 

model B 

0.116 
0.081 

( rad )  

-0.254 
-0.108 
0.060 
0.068 
0.231 
0.315 

Table 4.5 Rotational results of the ROMs of model B, the adapted model, and the simple 
model for  physiological loads. For the adapted model, between parenthesis, the difference 
between the absolute value of the ROM of the adapted and the simple model with respect to 
the ROM of the simple model is  given (((I ROM,d,,tI - I ROMSimple I)/ I ROM,;,,i, I )*  
100%). For the simple model, between parenthesis, the mean standard deviation of the 
rotations is given. 

To get an impression of other mechanical aspects than the main rotations of the 
model, for each type of motion, an outline is determined of the coupled rotations, the 
forces at and the penetration of the contact surfaces, the forces in and the (relative) 
elongations of the ligaments, and the coupled relative displacement of the center of gravity 
of CO with respect to the c.g. of C1 and of the c.g. of C1 with respect to the c.g. of 
C2. The coupled rotations are not taken into account during the modelling process. 
Therefore, these rotations are difficult to compare to the data found in literature. For 
flexion/extension, the resulting coupled rotations for lateral bending and axial rotation 
are nil (maximal O N I  I rad). The model behaviour is symmetrical with respect 
to the mid-sagittal plane. For lateral bending and axial rotation, the coupled rotations 
lie between 0.01 and 0.1 rad. The direction of motion is arbitrary. 

The highest forces at the contact surfaces are reached at the articulations between CO 
and C1, and C1 and C2. The forces perpendicular to the plane of contact are maximal 

lo-' 
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Figure 4 . 2  Resulting moment-rotation characteristics of the detailed model f o r  ph ysiolog- 
ical loads. 

6 6 N .  The corresponding penetrations are small. At the time of the highest force, the 
Penetration is maximal 0.07 mm. The force in and the relative elongation of the ligaments 
depend on the stiffness and the extent of the participation of the ligament in the simulated 
movement. The magnitude of the forces is more or less comparable to the results of the 
parametric study (section 4.2). For a particular type of motion, the highest forces occur 
in the ligaments of which the variation of the stiffness influences the rotations of that 
movement most, if the magnitude of the stiffness of the ligament is taken into account. 
For all motions, the highest forces occur in the alar ligaments (46 - 5 7 N ) ,  because of 
the relatively high stiffness, or the capsular ligaments between CO and C1 (33 - 3 7 N ) .  
For flexion and extension, the highest relative elongation is reached in, respectively, the 
posterior ( E  = 0.6) and anterior atlanto-axial membrane ( E  = 0.35). For left lateral 
bending, a maximum relative strain of 0.36 is reached in the left capsular ligament between 
CO and C1. During axial rotation, a maximum relative elongation of 0.63 is reached for 
the posterior atlanto-axial membrane. For left axial rotation, the highest force is observed 
in the left alar ligament. In the human neck, the left alar ligament limits rotation to  the 
right, and the right alar ligament limits rotation to the left. At this point, the model does 
not agree with the human neck. In spite of being modelled as a unity, a difference between 
the force in the superior and the inferior part of the tectorial membrane is observed. The 
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difference of the force in the superior part with respect to the force in the inferior part 
is 8% for flexion/extension, 13% for lateral bending, and 38% for axial rotation. An 
explanation for this phenomenon is unknown. 

The coupled relative translations of the center of gravity of CO and C1 with respect 
to the c.g. of the lower situated body are small. For flexion/extension, the largest trans- 
lations occur in the mid-sagittal plane: 0.1 - 1.4mm. The lateral translations are nil 
(maximal O N I  lod6 I mm). For lateral bending and axial rotation, the magnitude of the 
translations in x-, y-, ar,d z-direction varies between 0.05 and 6.3 mm. 

4.4 Extension of the force-strain characteristics of the lig- 
aments for loads up to  1ONm 

To simulate the mechanical behaviour of the model for loads up to lONm, the force- 
strain characteristic of the ligaments has to be extended. The present stiffness of the 
ligaments is too low to resist higher loads. In the same way as for physiological loads, the 
force-strain characteristics of the ligaments are adapted so that the ROMs of the detailed 
model approach the ROMs of the simple model as close as possible for flexion/extension. 
To the geometrical midpoint of CO, a static moment of f10.0Nm about the y-axis is 
applied. The moment is increased from zero to its maximum in 6.7 seconds. Damping 
coefficients of 0.25 Nmslrad  are assigned to the dynamic joints. The adapted force-strain 
characteristics are presented in table 4.6. The difference between the ROMs of the detailed 
model and the ROMs of the simple model are small for flexion/extension (figure 4.3 and 
table 4.7). For lateral bending, the calculation time of the simulations proves to be 
approximately 30 hours compared to 2; hours for flexion/extension, which restricts the 
number of simulations done. The resulting ROMs are determined for the model with the 
adapted characteristics for flexion/extension. These results are not further discussed. 

ligament 

alar ligaments 
anterior membrane CO-C1 
anterior membrane Cl-C2 

posterior membrane CO-C1 
posterior membrane C1-C2 

capsular ligament CO-C1 
capsular ligament Cl-C2 

transverse ligament 
tectorial membrane 

3 point 2 

1.4 

Table 4.6 Second point of the force-strain characteristic of the ligaments for loads up to 
10 Nm. These characteristics are suitable for flexion/extension only. 

A problem that appears during extension, is the lateral gliding of CO with respect 
to C1 and of C l  with respect to C2 at the facet joints halfway the simulation. At the 
end of the simulation, the vertebrae glide back to their mid-sagittal positions nearly. This 
phenomenon is caused by a combination of the temporary constraining of the facet surfaces 
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CO-Cl flexion-extension C1-C2 flexion-extension 

motion type joint 

flexion CO-Cl 
Cl-C2 

extension CO-Cl 

lateral bending CO-Cl 
Cl-C2 

Cl-C2 
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moment [Nm] moment [Nm] 

Figure 4.3 Resulting moment-rotation characteristics for fEexion/extension of the detailed 
model with extended linear stiffness Characteristics of the ligaments (solid lines). The 
dashed lines are the moment-rotation characteristics of the simple model. 

Table 4.7: Rotational results of the ROMs of the detailed and the simple model for loads 
of 10 Nm.  Between parenthesis, the difference between the absolute value of the ROM of 
the detailed and the simple model with respect to the ROM of the simple model is given 
(((I ROMdetail I - I ROMsimple I)/ I ROMsimple I )  * 100%). 

at the atlanto-dental articulation and the articulations between CO and C1, and C1 and 
C2. Only the lateral and axial rotations are influenced. The main extension rotations 
are not influenced by the gliding of the vertebrae. An explanation for this phenomenon 
is unknown. 

The difference between the rotations of the detailed model and the simple model for 
loads smaller than 10 N m  is caused by the nonlinearity of the stiffness of the ligaments 
(section 2.1.3). Therefore, nonlinear force-strain characteristics of the ligaments are in- 
corporated in the next section. 

4.5 Incorporating nonlinear force-strain characteristics of 
the ligaments 

The last part of the modelling process contains the determination of nonlinear force-strain 
characteristics of the ligaments for flexion/extension and the testing of this model. It is 
not possible to simulate the neutral zone of the moment-rotation characteristics. The 
damping in the system generates a moment which is higher than the applied moment in 
the very first part of the simulations. 

The force-strain characteristics for physiological loads and for loads up to  10 N m  are 
combined into one nonlinear characteristic for each ligament. This is done by determining 
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ligament 

the force and strain in all ligaments at a load of 1.5 N m  for the 'physiological model' 
(section 4.3) and at a load of 10.0 N m  for the 'extended model' (section 4.4). For each 
ligament, at both loads, the combination of highest force and strain for flexion or extension 
is determined. Together with the point ( O , O ) ,  these combinations form the three points 
of the nonlinear force-strain characteristics. In this way, it is expected to get (nearly) the 
same results as in the previous two sections. Within the range of the strains for loads up 
to 1.5 N m ,  the characteristics are unchanged and for loads of 10.0 N m ,  the mean stiffness 
is comparable. 

Then, t o  the geometrical midpoint of CO, a static moment of f l O . O  N m  about the 
y-axis is applied. The moment is increased from zero to its maximum in 6.7 seconds. 
Damping coefficients of 0.25 Nmslrad are assigned to the dynamic joints. The rotational 
results during physiological loads (T 5 1.5 N m )  are equal to the results of the simple 
model. For higher loads (1.5 < T _< iO.ONm), the rotational results are slightly too small 
for extension, and therefore the force-strain characteristic of both anterior membranes is 
adapted. The final force-strain characteristics are presented in table 4.8. 

point 2 
strain force 

E2 F2 

alar ligaments 
anterior membrane CO-C1 
anterior membrane Cl-C2 

posterior membrane CO-Cl 
posterior membrane Cl-C2 

capsular ligament CO-Ci 
capsular ligament Ci-C2 

transverse ligament 
tectorial membrane 

0.20 29 
0.35 43 
0.4 15.5 
0.6 17 
0.26 32.5 
0.29 22 

0.074 11 
0.0086 26 

point 3 
strain force 

E 3  F3 

(-1 (NI 
0.46 305 
0.40 310 
0.55 260 
0.71 151 
1.24 100 
0.47 175 
0.65 170 
0.04 120 
0.14 82.5 

Table 4.8: Two points of the nonlinear force-strain characteristic of the ligaments for loads 
up to 10 N m .  These characteristics are suitable for  flexion/extension only. 

Figure 4.4 presents the resulting moment-rotation characteristics for flexion/extension. 
The characteristics are in good agreement with the characteristics of the simple model 
(dotted lines in figure 4.4). For extension, a small kink is seen at T = -7 N m .  In reality, 
there is another smaller kink at T N -5.5 N m .  Both kinks are caused by the lateral 
gliding of CO with respect to C1 and of C1 with respect to C2 at the facet joiats, mentioned 
in section 4.4. In this case, the vertebrae do not glide back to their mid-sagittal positions 
at the end of the simulation. The lateral and axial rotations are considerably influenced. 
The main extension rotation is hardly influenced by the gliding of the vertebrae. 

I rad).  The 
coupled rotations for extension vary from -0.081 up to -0.29 rad. This is considerably 
larger than the coupled rotations for physiological loads. But, these large coupled rotations 
are caused by the lateral gliding of the facet surfaces. The highest forces at the contact 
surfaces are reached at the articulations between CO and C1, and C1 and C2. The forces 
perpendicular to the plane of contact are maximal 500 N ,  which is approximately a factor 
10 larger than for physiological loads. At the time of the highest force, the penetration is 
maximal 0.5 mm. Like for physiological loads, the highest force (175 N )  during flexion is 

For flexion, the coupled rotations are very small (maximal O -1 
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Figure 4.4: Resulting moment-rotation characteristics for fiexion/extension of the detailed 
model with nonlinear ligaments (solid lines). The dashed lines are the moment-rotation 
characteristics of the simple model. 

reached in the capsular ligaments between CO and C1. For extension, the highest forces 
are reached in the alar ligaments ( 3 3 N )  and the anterior atlanto-occipital membrane 
(34 N ) .  The difference between the force in the superior and inferior part of the tectorial 
membrane is smaller than for physiological loads. The difference of the force in the 
superior part with respect to the force in the inferior part is 1%. The ligaments which 
are relatively most elongated are the same as for the 'physiological model'. For flexion, 
the relative strain in the posterior atlanto-axial membrane is 1.21, which is considerable. 
For extension, the relative elongation in the anterior atlanto-axial membrane is 0.57. For 
flexion, the coupled relative translations of the center of gravity of CO with respect to the 
c.g. of C1 and of the c-g. of C1 with respect to the c.g. of C2 are approximately the 
same as for the physiological model. For extension, the coupled translations in the mid- 
sagittal plane are a fraction larger than for the physiological model. The coupled lateral 
translations are considerably larger because of the lateral gliding of the facet surfaces. 

4.6 Conclusions 

The final detailed model consists of three rigid vertebrae, facet joints and the most im- 
portant ligaments of the upper cervical spine. Between the contact surfaces, elastic and 
frictionless contact interactions are defined. The stiffness of the ligaments is prescribed 
by nonlinear force-strain characteristics. For flexion/extension, the resulting moment- 
rotation characteristics agree very well with results of the simple model for loads up to 
1ONm. Because of the damping in the system, it is not possible to simulate the neutral 
zone of the characteristics. For simulating lateral bending and axial rotation, the stiffness 
characteristics of the ligaments need to be adapted in the future. 



Chapter 5 

Discussion, conclusions and 
recornmendat ions 

In this final chapter, a brief summary on the previous chapters is given, the results of the 
study presented in this thesis are discussed, and some conclusions are drawn (section 5.1). 
This chapter is finished with recommendations to improve the upper cervical spine model 
in the future. 

5.1 Discussion and conclusions 

The aim of the study presented in this thesis is to develop and validate a three-dimensional 
mathematical model of the upper cervical spine with the integrated multibody/finite 
element code MADYMO. The model must describe the mechanics of the upper cervical 
spine for physiological as well as for extreme loads and it must be compatible with the 
lower cervical spine model of Unger [45]. Furthermore, the model must be simple and 
open to validation. 

The anatomy and biomechanics of the upper cervical spine are described in chap- 
ter 2. The upper cervical spine model includes the mechanical most relevant components: 
vertebrae, facet joints and ligaments. For the testing of the model, use is made of in 
vitro data. Only the passive elastic characteristics of the muscles would contribute to 
the in vitro mechanics. Because of the lack of validation data, the muscles are neglected. 
Qualitatively, the function of the components of the upper cervical spine is quite clear, 
although the influence of the individual ligaments on the mechanical behaviour is only su- 
perficially reported in the literature. Quantitatively, data OE the mechanical behaviour is 
still incomplete. The dimensions of vertebrae and articular facets are sufficiently reported. 
However, the dimensions of ligaments, the locations of facets and attachment points of 
ligaments, and the compound configuration of all components of the upper cervical spine 
have to be determined largely from anatomy books. Mass and principal moments of iner- 
tia of vertebrae can be calculated accurately enough. Data on the location of the center 
of gravity are incomplete. Stiffness of facet joints and ligaments have been insufficiently 
reported. Load and displacement data of static experiments are reported for the four 
basic rotational movements. Results of quasistatic and dynamic experiments are reported 
for axial rotation of CO-C2 only. These data are much too limited to develop and validate 
an upper cervical spine model which describes the mechanical behaviour under extreme 
and/or dynamic loading situations. However, with the available data and several assump- 

34 
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tions and simplifications, a fairly good and simple model which describes the mechanical 
behaviour of the upper cervical spine can be developed. 

By modelling the upper cervical spine with the multibody part of MADYMO, the 
model is compatible with the lower cervical spine model. The geometry and the material 
behaviour that can be modelled with a multibody code is restricted. The main rotations 
of experiments for physiological and extreme loads (up to iONm), which are found in 
literature [i, 3, 13, 32, 34, 35, 36, 371, can be simulated excellent with a very simple 
model. This model contains rigid vertebrae and spherical joints between CO and C1, 
and C1 and C2 with nonlinear stiffness characteristics, which are uncoupled for flexion, 
extension, lateral bending, and axial rotation. From the results of the simulations, it is 
concluded that the model is implemented in MADYMO correctly. Those results can be 
used to check the rotations of the detailed model, which is discussed hereafter. 

To model an anatomically more realistic situation, the detailed model is developed. 
Several modelling phases are introduced: a linear, an extended linear, and a nonlinear 
phase of which the linear phase is discussed first. The detailed model is an extension of 
the simple model. The spherical joints are replaced by facet joints and initially linear 
ligaments. The model is simple because of the limited number of components that is 
modelled and because of the simplicity of the modelling of these components. The limited 
geometry that can be modelled of contact surfaces is a great disadvantage and it is at 
the expense of the quality of the model. Because of the few data on the orientation of 
the facet surfaces and the physical properties of the ligaments, several inaccuracies are 
introduced. This may be the cause that the rotations for the four basic movements of the 
neck are too small compared with the experimental data, except for axial rotation at the 
CO-Cl joint, for which the rotations are too large. The geometry of the contact surfaces 
seems to be too limited to be able to simulate axial rotation at the CO-Cl joint properly. 

The linear model needs to be adapted to approach the experimental data for physio- 
logical loads. Therefore a parametric study is performed in which the orientation of the 
facet surfaces and the stiffness of the ligaments is varied. The results of the variation 
study come up largely to the expectations. Flexion not being influenced by variation of 
the stiffness of the transverse ligament and the tectorial membrane is inconsistent with 
information in the literature. Furthermore, it is remarkable that variation of the stiffness 
of the alar ligaments influences extension and lateral bending more than axial rotation. 
The limitation of right axial rotation by the right alar ligament is in contradiction with 
experimental findings [6]. 

With the results of the parametric study, the model is adapted and tested for physi- 
ological loads. Then, the model is extended for loads up to 10 N m  for flexion/extension. 
The increase in stiffness of the ligaments in order to approach the ranges of motion of the 
simple model for physiological loads as close as possible varies considerable (O - 70%). 
The changes in the orientation of the facets are smaller (O - 33%). Because of the large 
standard deviations of the ROMs, it is relatively easy to adapt the stiffness of the liga- 
ments such that the resulting ROMs lie within the standard deviation of the experimental 
data. More effort is needed to get all ROMs close to the experimental means, because the 
stiffness of the ligaments is relevant for all directions of motion. The resulting ROMs for 
physiological loads agree very well with the ROMs of the simple model. Simulations for 
lateral bending with the force-strain characteristics for loads up to 10 Nm are very time 
consuming, so that it was not possible to approach the ROMs of the simple model. For 
flexion/extension, the ROMs for loads of 1ONm agree very well with the ROMs of the 
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simple model. For the complication that appears during extension, the lateral gliding of 
the facet surfaces, no solution is known. 

Finally, nonlinear stiffness characteristics of the ligaments are determined for flex- 
ion/extension, which is relatively easy. It is not possible to simulate the neutral zone 
of the moment-rotation characteristics, because of the damping in the system. However, 
in case of crashes, the main rotations of the neck will always be larger than the neutral 
zone. The ROMs for loads between 1.5 and 10.0 Nm are simulated very well with the 
nonlinear model for flexion/extension. Critical notes can 3e placed by the final stiffness 
characteristics of the ligaments, which are tuned to the rotational response of the model. 
Most of the characteristics seem to be not realistic, because of the very low failure force. 
However, the force-strain characteristics of the ligaments are difficult to compare to the 
few and considerably varying data in the literature. 

In conclusion, the rotations of the upper cervical spine are described very well for 
physiological loads and for loads up to 10.0 Nm for flexion/extension. In the future, the 
model can be extended for larger loads in each direction of motion. In most cases, the 
simulation time varies between 1 5 m i n  and 2 s  hours, which is acceptable. Whether the 
model describes other mechanical aspects than the main rotations of the upper cervical 
spine properly cannot be tested because no suitable data on these aspects are found in 
literature. In case of load-displacement simulations, the model is open to validation, but 
usable validation data is scarce. 

5.2 Recommendations 

To improve the final model, a number of recommendations can be done. In the future, 
probably within a year, it is possible to define arbitrary contact surfaces in MADYMO. It 
is highly recommended to adapt the contact surfaces of the facet joints. It will improve the 
present mechanical behaviour of the model and it will probably also be possible to simulate 
axial rotation at the CO-Cl joint more accurately. To validate the model, simulations 
can be done in which particular ligaments are removed. The resulting rotations can be 
compared with experimental data in the literature in which ligaments are transected [2, 
32, 34, 351. The influence of particular ligaments on the mechanical behaviour of the 
model can be compared with the influence of the ligaments in experiments. If necessary, 
the attachment points or force-strain characteristics of the ligaments can be adapted. To 
improve the modelling of the force-strain characteristics of the ligaments, the coupled 
rotations can be taken into account during the adaptation of the stiffness. The force- 
strain characteristic of a ligament will be in better agreement with reality. The mechanical 
behaviour of the model can also be tested with describing other loads than pure moments 
to the occiput. For example, it can be thought of tensile or compressive forces or combined 
loads. Furthermore, the rotational results of the model can be limited compared with the 
data of in vivo experiments [7,16,29].  An impression of the in vitro rotations with respect 
to in vivo rotations can be obtained. 
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Appendix A 

The computer code MADYMO 

MADYMO (MAthematical Dynamic Model), version 5.1 (May 1994 [43]) is a computer 
code which combines multibody and finite element techniques. It is developed by the 
Crash-Safety Department of TNQ Road-Vehicles Research Institute in Delft. The text 
hereafter is based on De Jager [17]. Although more general use is also possible, MADYMO 
is specially suitable for crash and safety analyses (crash victim simulations). Examples 
are the analysis of the behaviour of vehicle and occupant or cyclist involved in collisions. 
Two- and three-dimensional simulations are possible. Here, only the three-dimensional 
version, MADYMO 3D, is considered. 

The code consists of a multibody and a finite element module. The multibody module 
is specially suitable for simulations of the gross motion of systems, whereas the finite 
element module is specially suitable for the parts of a system which are subjected to 
large deformations'. The multibody module analyses the motion of systems of rigid 
bodies and/or flexible beams with a tree structure. Bodies can be interconnected by 
eight different kinematic joints. Simple geometries -planes and ellipsoids- are assigned 
to bodies (and contact surfaces). In the finite element module, truss, beam, membrane, 
shell, and brick elements with several material models, which can be used for airbag and 
belt modelling, are available. 

Different loads can be prescribed, e.g. through spring- damper elements, contact mod- 
els, simple belt systems, special dynamic restraints, a muscle model, and distributed loads 
(acceleration fields). It is also possible to affect the motion of systems by sensors, sum- 
mers, transformers, controllers, and actuators. Furthermore, the user can couple his own 
routines to the code to develop for example new kinematic and dynamic joints. 

Results of a simulation are stored in a number of output files with information about: 
displacements, velocities and accelerations of (points on) bodies; loads in joints and con- 
tacts; injury criteria parameters (like the Head Injury Criterion and Thoracic Trauma 
Index). Besides, a file is available for the visualisation of the movements of a system. 

For later versions, the following developments are planned [26]. MADYMO is going 
to be more concentrated on human models, which means that new muscle models, injury 
criteria, and a method for motion analysis will be implemented. More flexible bodies and 
new kinematic joints will be available. In the future, arbitrary geometries can be assigned 
to contact surfaces. Also new elements and material models (including visco-elastic) will 
be developed for the finite element module. 

'In the multibody module, deformations occur in kinematic joints, and to a small degree in flexible 
bodies. 
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no. body 

1 C2 
2 dens 
3 C1 
4 CO 

Physical properties of rigid 
bodies, articular facets, and 

radius height 
RAP RLAT bant h 

25.5 26.4 21.4 19.4 
5.5 5.0 15.9 15.9 

22.8 38.5 15.4 12.7 
24.2 32.4 17.4 17.4 

(mm) (mm) (mm) (mm) 

ligaments 

In this appendix, physical properties data on the rigid bodies, articular facets, and lig- 
aments are presented. In section B . l ,  geometrical and inertial data of the rigid bodies 
is presented. Section B.2 deals with geometrical properties data on the articular facets. 
Length and attachment points of the ligaments are presented in section B.3. 

B.l  Geometrical and inertial data of the rigid bodies 

The rigid bodies, representing the vertebrae, have an oval cylindrical shape. The geometry 
of the rigid bodies is derived from data in the literature [4, 5, 11, 31, 33, 41, 44, 471. The 
mean value of these data on specific parameters was calculated. If the value of a parameter 
did not lie within the standard deviation of one of the other available values, this value 
was not taken into account. In table B. l ,  the calculated geometrical data of the rigid 
bodies are presented. The height h of C1 and C2 is chosen to be the anterior height 
of these vertebrae, because the most important parts of the vertebrae are found at the 
anterior half. The value of the parameters on the occiput is chosen to lie between the 
values of the parameters on C1 and C2, because no data on the geometry of the used 
specimens are reported in literature. 

Table B.l: Geometrical data of the rigid bodies. RAP = anteroposterior radius, RLAT = 
lateral radius, bant = anterior height of a rigid body, and h = the mean of the anterior 
and the posterior height. 
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B. l . l  Inertial data 

Mass and moments of inertia of the rigid bodies are estimated on the basis of the geometry 
of the rigid bodies. The data on masses and moments of inertia of cervical vertebrae, 
which are found in literature, are very inaccurate [25]. Therefore, it is chosen to estimate 
the masses and moments of inertia of rigid bodies which have the properties of human 
vertebrae. It is assümed thzt these estimations aïe in better agreement with the reality 
than the data available in Eterature. In the whole cervical spine model, the masses and 
moments of inertia of the vertebrae are very small compared with the mass and the 
moments of inertia of the head. De Jager [LO] proved that the influence of variation of 
the mass or the moments of inertia of a single vertebra on the mechanical behaviour of 
the whole cervical spine model is negligible. The inaccuracies in the calculated masses 
and moments of inertia as a result of the used geometry are hardly relevant for the 
mechanical behaviour of the final model. Firstly, the estimation of the mass of the bodies 
is explained. Secondly, the calculation used for the moments of inertia is presented. For 
both calculations, the mean height h of the rigid bodies is used. 

The mass m of a body is described by the following equation: 

m = p . V  (B.1) 
in which p is the density and V is the volume of a vertebra. The density p of a vertebra is 
unknown, but an estimation can be made. According to Tominaga [44], the proportional 
mid-sagittal area of cortical bone at C2 is 29.5%. Thus, the proportional mid-sagittal 
area of spongy bone is 70.5%. It is assumed that the same ratios count as well as for C1 
and CO as for the bone volume. Erdmann [9] determined the density of cortical bone at 
1.8 * lo3 k g m - 3  and the density of spongy bone at 1.1 * lo3 k g m - 3 .  With these data, the 
mean density of a vertebra becomes: 

pvertebra = 0.295 1.8 * lo3 + 0.705 1.1 * lo3 = 1.3 * lo3 kgm-3 

V = T R A P  - RLAT.  h 

(B.2) 

( B . 3 )  

The equation to calculate the volume of an oval cylinder is: 

in which RAP is the anteroposterior radius, RLAT is the lateral radius, and h is the mean 
height of the cylinder. 

The principal moments of inertia are determined for a round cylinder with a radius 
of (RAP + & A T ) / 2 ,  and with its center of gravity at the geometrical midpoint. This is a 
simplification which is much easier to calculate and it is supposed to have a small influence 
on the mechanical behaviour of the occipito-atlanto-axial complex. The origin of the 
coordinate system to which the moments are related coincides with the center of gravity. 
The principal inertia axes are parallel to the reference coordinate system. However, the 
center of gravity of the rigid bodies is moved approximately 20% of the anteroposterior 
diameter of the vertebra in positive x-direction with respect to the geometrical center of 
the bodies. The influence of this movement on the moments of inertia of the vertebrae is 
supposed to be negligible with respect to the moments of inertia of the head. 

The equations to calculate the moments of inertia about the x-, y-, and z-axis are 

) + h2) 
1 RAP RLAT 

12 2 
I,, = Iyy = - m ( 3 (  
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The moments of inertia about the x- and y-axis are the same, because of the symmetry 
of the round cylinders. The moments of inertia of a body must satisfy the following 
requirements : 

B.2 Geometrical data of the articular facets 

Data on the geometry, orientation, and position of the articular facets of the occipito- 
atlanto-axial complex are difficult to find. The data on the geometry and orientation in 
table B.2 are partly derived from literature [5, 12, 39,471. In some cases, the data found 
in literature were not usable. Geometrical data on the facets of the occipital condyles are 
unknown and therefore chosen the same as the data on the superior facets of C1. The 
orientation of the facets on the occipital condyles, the facet on the atlas for the dens, 
and the superior facets of C1 are determined from anatomical figures and photographs 
in Kapandji [22] and McMinn [28]. For the superior facets of C2, different orientations 
are found in literature [24, 39, 44, 471. The most simple orientation, a rotation about the 
x-axis, is chosen for the modelling [44, 471. The orientation of the facets of the occipital 
condyles and the superior facets of C1, and the inferior facets of C1 and the superior 
facets of C2 is chosen the same. 

With the help of anatomical figures and photographs, mainly in Kapandji [22] and 
McMinn [28], the approximate position of the articular facets is determined. The position 
of the facets of the articulation between the dens and the atlas can be determined relatively 
easy. The midpoint of the facet on C1 lies at half the height of the anterior arch. The 
midpoint of the facet on the dens lies at the same height. Because of a small difference 
in orientation, the superior edge of the facet on the atlas contacts the facet on the dens. 
This information together with the data on the geometry and the orientation of the facets 
is enough t o  calculate the coordinates of the midpoint of the ellipsoids (see figure 4.1). 
The outer surfaces of the ellipsoids contact but do not penetrate each other. This is 
taken into account during the determination of the coordinates of the midpoint of the 
contacting ellipsoids. The anterior edge of the superior facets of C1 lies, in x-direction, 
approximately three-quarters of the maximum anteroposterior diameter of the anterior 
arch behind the anterior side of C1. The midpoint of the facets lies at the same height 
as the superior edge of the facet on C l  for the dens. The estimated distance between the 
midpoint of the left and right facet is 40.0 mm. The facets on the occipital condyles have 
in x- and y-direction the same position as the superior facets of C1. In z-direction, the 
outer surfaces of the ellipsoids contact each other. The anterior sides of the inferior facets 
of C1 and the superior facets of C2 coincide, and lie halfway the horizontal space between 
the inferior edge of the facet on the dens and the anterior side of C2. In z-direction, the 
superior edge of the superior facets of C2 coincides with the upper plane of C2. The 
distance between the midpoint of the left and right facet is 30.3 mm [39]. The position of 
the inferior facets of C1 is determined on the basis of the position of the superior facets of 
C2. The coordinates of the midpoints of all the contacting ellipsoids with respect to the 
local coordinate system of the body to which the ellipsoids are attached are presented in 
table B.2. 
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contact surface radius 
RAP RLAT Rh 
(mm) (mm) (mm) 

occipital condyles 11.3 5.8 2.0 
superior facets C1 11.3 5.8 1.0 
inferior facets C1 8.8 8.15 1.0 
superior facets C2 8.35 8.4 L O  

facet dens 1.0 0.35 5.4 
facet atlas 1 1.0 5.1 4.8 

orientation coordinates 
'PX 'PY 'Pi X Y z 

f0 .35  O F0.44 10.2 f 2 0 . 0  -9.35 
zk0.35 O 30.44  -1.3 f 2 0 . 0  3.45 

F0.365 O O 2.8 f15 .15  -9.35 

( rad)  ( r a d )  ( rad )  m) 

$3.365 U O 15.25 zk15.15 16.6 
O -0.23 O 2.65 0.0 7.7 
O -0.28 O I 10.35 0.0 -0.25 

Table B.2: Data on the geometry, orientation, and position of the articular facets. RAP = 
anteroposterior radius, RLAT = lateral radius, Rh = vertical radius. (P~,(P~,(P~ are the 
successive rotations of the articular facets about, respectively, the x-, y-, and z-axis. The 
upper sign indicates the direction of rotation for the left facet, the lower sign is for  the 
right facet. The x-, y-, and z-coordinate of the midpoint of the contacting ellipsoids with 
respect to  the local coordinate system of the body to which the ellipsoids are attached are 
given. The positive sign of the y-coordinates belongs to the coordinates of the left facet, 
the negative sign to the right facet. 

B.3 Length and attachment points of the ligaments 

In most cases, the length and the coordinates of the attachment points of the ligaments 
are estimated on the basis of anatomical figures and photographs. The mean length of 
the alar ligaments was determined from data in the literature [6, 8, 381. The ligaments 
attach to the lateral sides of the top of the dens and to the occiput. The angle between 
the left and the right ligament in the transverse plane is 180' [6]. In the frontal plane, 
the ligaments make an angle of 21' with the transverse plane [38]. On the basis of these 
data, the coordinates of the attachment points are determined (table B.3 and figure 4.1). 
The anterior atlanto-occipital membrane attaches to the anterior side of the atlas, at  

ligament 

alar ligaments 
anterior membrane CO-Cl 
anterior membrane Cl-C2 

posterior membrane CO-Cl 
posterior membrane Cl-C2 
capsular ligaments CO-C1 
capsular ligaments Cl-C2 

left part of transverse ligament 
right part of transverse ligament 

superior part of tectorial membrane 
inferior part of tectorial membrane 

length 
1 

11.0 
14.3 
7.1 
12.9 
10.8 
9.0 
9.0 
10.5 
10.5 
8.9 

26.5 

m) 

attachment points 

( ioz3 m) 
0.0 f 2 . 9 5  15.8 

13.4 
24.3 
-23.9 
-9.6 

-11.5 
6.3 
1.25 

-5.451 
15.9 

-5.45l 

0.0 
0.0 
0.0 
0.0 

f24.8 
f15.15 

10.3 

0.0 
0.01 

o.ol 

2.3 
17.15 
2.05 
11.2 
2.1 
14.2 
-3.05 
4.91 
-0.3 
15.9' 

2 2  Y2 ZZ 

(10-3 m) 
16.95 f13.25 -4.0 
18.5 
12.5 
-18.4 
-23.9 
0.0 
-6.0 

-5.45l 

-5.45l 
1.25 

11.35 

0.0 
0.0 
0.0 
0.0 

f 2 4 . 8  
f15.15 
o.ol 

0.0' 
-10.3 

0.0 

-0.8 
-5.1 
-2.5 
-7.45 
-4.6 
-6.05 
4.9l 
-3.05 
15.9' 
10.7 

'Coordinate of the slip point of the ligament at the dens. 

Table B.3 Length and coordinates of the attachment points of the ligaments with respect 
to the local coordinate system of the body to which the ligaments are attached. The positive 
sign belongs to the y-coordinate of a left ligament, the negative sign to  a right ligament. 
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approximately two thirds of the height of C1, and to the occiput, straight above the 
articulation between the dens and the atlas. The length of the membrane is estimated at  
14.3mm [28]. The anterior atlanto-axial membrane attaches to the anterior side of the 
axis, at approximately two thirds of the height of C2, and to the base of the anterior side 
of the atlas. The length is estimated from the attachment points at 7.1 mm. The posterior 
atlanto-occipital membrane attaches to the top of the anterior side of the posterior arch 
of the atlas, and makes an angle of 45" to posterior to attach to the occiput [28]. The 
height of the posteîior aîch of C1 is 10.0 mm [4]. The ler,gth of the membrarie is estimated 
from the attachment points at 12.9 mm. The posterior atlanto-axial membrane attaches 
to the anterior side of the posterior arch of the axis, halfway the height of C2, and to 
the base of the anterior side of the posterior arch of the atlas. The length is estimated 
from the attachment points at 10.8 mm. The capsular ligaments are most important for 
flexion [22]. Therefore, the middle of these ligaments is placed at the posterior center of 
the articulating facet surfaces between CO and C1, and C1 and C2. The length is assumed 
to be approximately the same as the length of the capsular ligaments between C5 and C6: 
9.0 mm [45]. The transverse ligament attaches to  both lateral masses of the atlas. In the 
middle, the ligament contacts the dens, but is not attached to it. The angle of the left 
and right part of the transverse ligament in the transverse plane is 21" [38]. The mean 
length of the ligament is 21.0 mm [8,38,44]. The tectorial membrane attaches to the axis, 
halfway the height of the posterior side of the body of Ca, runs over the dens, without 
being attached to it, and makes an angle of 30" to anterior to attach to the occiput [as]. 
The length of the ligament is estimated from the attachment points at 35.4 mm. 



Appendix C 

Determination of the 
moment-rotation characteristics 

In this appendix, the enhancement of the moment-rotation characteristics for axial rota- 
tion, flexion/extension, and lateral bending is explained. Starting point of the calcula- 
tions is the average torque-axial rotation curve of CO-C2 for the quasistatic loading rate 
of 4deg/cec,  taken from Goel [13]. It is remarked that Chang [i] describes the same ex- 
periment. This torque-rotation curve is reproduced in figure C.1. The amount of rotation 
with respect to the same applied moment is smaller for quasistatic than for static charac- 
teristics. But, a neutral and an elastic zone are clearly recognisable. The regions OA and 
AB are considered to be the neutral (NZ) and the elastic zone (EZ) of the characteristic. 
Region BC, then, corresponds to  the part of the characteristics to be enhanced. 

70 - D (13.6, 68.1) 

60 - 
50 - 

40 - ....." 

,..-. ,... <... 

,.....J. 

30 - /%'.'(2.0, 29.9) 

5 10 

20 "A (0.5,  20.7) 

10 P 
Figure C.1: Reproduction of the torque-axial rotation curve of CO-C2 of Goel [13]. 

For each degree of freedom, the total stiffness of the occipito-atlanto-axial complex 
may be represented by a system of two nonlinear springs (left system in figure C.2). 
The right spring represents the stiffness of the CO-Cl joint, the left spring represents 
the stiffness of the Cl-C2 joint. The flexibility coefficient (slope) of the EZ of the static 

47 



48 

0 2 ,  T2 01, Ti 00, To 0 2 ,  T2 00, TO - 
c2 f C C i - C Z  c 1  fcco-ci co c2 fcco-cn co 

Figure C.2 Two systems that represent the stiffness of the occipito-atlanto-axial complex. 
0 0  is the relative rotation of CO with respect to Cí, 01 is the relative rotation of Cí with 
respect to C2 ( 0 2  = O).  TO, T19 and T .  are the corresponding moments. fc is standing for 
flexibility coeficient. The left system can be replaced b y  the right system. 

characteristics for each motion type can be determined. 

ROMco-ci - Nzco-ci 
AT 

ROMcl-ca - NZCi-C2 
AT 

fCC0-Ci ,EZ = 

fCCi-C2,EZ = 

The values of the NZ and the ROM are given in table 3.2, AT is equal to  1.5 Nm. The 
left system in figure C.2 can be replaced by the right system: the flexibility coefficient of 
the CO-C2 characteristics is the sum of the flexibility coefficients of the CO-C1 and the 
Cl-C2 joint. 

fcco-ci = f cco-c1  + fccl-cz 

It is assumed that the flexibility coefficients are the same for static and quasistatic 
characteristics. Furthermore, it is assumed that the ratio of the flexibility coefficient of 
the BC-region of the characteristic and the flexibility coefficient of the EZ are the same 
for the CO-C1, the Cl-C2, and the CO-C2 joint for each type of motion. Because the 
flexibility coefficient of the region BC of the characteristic for axial rotation of CO-C2 is 
known from Goel, the value of these ratios can be determined. 

fcCO-CI,BC - - fCCi-C2,BC - - fCCO-C2,BC 

fcCO-Ci ,E Z fCC1-C2,E Z fCCO-CZ,E Z 

= 2.6 (copied from Goel) 
1 

(fC&3-CI,BC)azTot = - 0.383 

fCCO-C2,BC - - fC’CO-C2,BC = 0.34 
fcCO-C2,EZ (fcCO-Ci,EZ t fCCl-C2,EZ)azrot 

in which the accent indicates a variable derived from the moment-rotation curve of Goel. 
Now, for each type of motion, all unknown flexibility coefficients of the BC-region of the 
characteristics can be calculated. 

The characteristics for right and left axial rotation and for left and right lateral bending 
are the same, because of the mid-sagittal symmetry of the model. For each joint, the two 
characteristics for axial rotation, for lateral bending, and the characteristics for flexion and 
extension are joined together into one characteristic, representing the moment-rotation 
curves for respectively axial rotation from the right to the left side, lateral bending from 
the left to the right side and movement from extension to flexion. With the calculated 
flexibility coefficients fCCO-C1,BC and fCC1-C2,BC7 two extra points of each characteristic 
can be calculated. The first point consists of the rotation 00 corresponding to an applied 
moment of -10.0 N m  about the x-,y-, or z-axis. The moment -10.0 N m  is within the 
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joint 
CO-C1 

region BC of the quasistatic characteristic, and thus beneath the point of maximum 
resistance. The second point consists of the rotation 0 6  corresponding to an applied 
moment of 10.0 Nm about the same axis as the negative moment. 

Finally, a summary of the determined flexibility coefficients is given in table C.1. The 
difference in the sum of fcca-ci and fcci-cn and fcco-c2, in some cases, is caused by 
the round off of numbers. 

FLX EXT AXROT LB 
EZ BC EZ BC EZ BC EZ BC 
2.7 0.9 6.5 2.2 3.3 1.1 1.6 0.5 

flexibility coefficient 1 

C1-C2 
CO-C2 

4.3 1.5 2.7 0.9 4.5 1.5 2.7 0.9 
7.0 2.4 9.1 3.1 7.7 2.6 4.3 1.4 



Appendix D 

MADYMO inputfiles 

simple model - for loads up to 10 Nm 
occipito-atlanto-axial model 
model 2 - with reduced head 
0.0 7.0 

RüiíU5 0.0005 0.001 0.001 
0.0 0.5 0.01 0.1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
SYSTEM I 
C2-CI-CO motion segment 

CONFIGURATION 
4 3 2 1  

END 
*** Definition of local bases, centers of gravity and inertia of *** 
*** bodies. The geometry and inertia of the head are of the same *** 
*** order as the atlas and the axis. *** 

GEOMETRY 
0.0 0.0 0.0 11.35E-03 0.0 10.7E-03 C2 

18.05E-03 0.0 21.4E-03 0.0 0.0 7.95E-03 dens 
-5.45E-03 0.0 7.95E-03 -0.45E-03 0.0 -0.25E-03 Cl 
-11.5E-03 0.0 15.95E-03 11.05E-03 0.0 0.2E-03 CO 

END 
INERTIA 
5.35E-02 l.1E-05 1.lE-05 1.8E-05 
1.8E-03 3.OE-07 3.OE-07 2.4E-08 
4.6E-02 1.lE-05 1.lE-05 2.2E-05 
5.6E-02 1.3E-05 1.3E-05 2.24E-05 

END 
JOINTS 

I BRAC 
2 BRAC 
3 SPHE 
4 SPHE 

END 

50 



51 

*** 

_____ ~ 

*** For flexion/extension and axial rotation, damping coefficients *** 
*** of 0.075 Nms are used. For lateral bending, damping coefficients *** 
*** of 0.25 Nms are used. *** 

CARDAN RESTRAINTS 
3 I O O O 2 O O O 3 O O O 0.075 0.075 0.075 O O O 
4 4 O O O 5 O O O 6 O O O 0.075 0.075 0.075 O O O 

END 

FUNCTIONS 
*** Stiffness characteristics of the joints. 

* LRLB CI-C2 
7 
-0.2984 -10.0 -0.1654 -1.5 -0.0903 -0.01 O O 0.0903 0.01 
0.1654 1.5 0.2984 10.0 

* EF CI-C2 
7 
-0.3062 -10.0 -0.1732 -1.5 -0.1030 -0.01 O O 0.1021 0.01 
0.2142 1.5 0.4287 10.0 

* RLROT CI-C2 
7 
-0.8321 -10.0 -0.6093 -1.5 -0.4917 -0.01 O O 0.4917 0.01 
0.6093 1.5 0.8321 10.0 

* LRLB CO-Cl 
7 
-0.1671 -10.0 -0.0873 -1.5 -0.0449 -0.01 O O 0.0449 0.01 
0.0873 1.5 0.1671 10.0 

* EF CO-Cl 
7 
-0.6070 -10.0 -0.2845 -1.5 -0.1152 -0.01 O O 0.1065 0.01 
0.1780 1.5 0.3143 10.0 

* RLROT CO-Cl 
7 
-0.2709 -10.0 -0.1080 -1.5 -0.0229 -0.01 O O 0.0229 0.01 
0.1080 1.5 0.2709 10.0 

END 
*** Definition of the geometry of the rigid bodies (only used for *** 

*** *** pictures OR the screen). 
ELLIPSOIDS 

I 25.5E-03 26.35E-03 10.7E-03 0.0 0.0 10.7E-03 + 
4 0 0 0  c2 

4 O O O dens 

4 0 0 0  Cl 

4 0 0 0  co 

2 5.45E-03 5.OE-03 7.95E-03 0.0 0.0 7.95E-03 t 

3 22.8E-03 38.5E-03 7.7E-03 -9.lE-03 0.0 -0.25E-03 + 

4 24.2E-03 32.4E-03 8.7E-03 2.4E-03 0.0 0.2E-03 t 

END ELLIPSOIDS 
INITIAL CONDITIONS 

o. o. o. o. o. o. 
END SYSTEM I 
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*** Defin i t ion  of appl ied  torques *** 
CONTROL MODULE 

REFERENCE SIGNALS 

END 
FUNCTIONS 
3 
O O 6.7 10.0 7.0 10.0 

END 
BODY ACTUATORS 

i FUNC i 

1 TORQUE REFERENCE SIGNAL i LOCAL O I O 1 4 + 
9 2.4E-03 0.0 0.2E-03 

END 
END CONTROL MODULE 
*** Defin i t ion  of output d a t a  *** 
OUTPUT CONTROL PARAMETERS 

o o 0.020 10.001 
TORQUI 
1 4 1  
1 3 1  

END 
END OUTPUT 
END INPUT DATA 

d e t a i l e d  model - nonlinear  ligaments 
occipi to-at lanto-axial  model 
model 5 - with reduced head 

0.0 7.0 
RUKU5 0.00001 0.001 0.001 
0.0 0.5 0.01 0.1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
SYSTEM I 
C2-CI-CO motion segment 

CONFIGURATION 
4 3 2 1  

END 
*** Defin i t ion  of l o c a l  bases ,  
*** bodies. The geometry and i n e r t i a  of t h e  head a r e  of t h e  same *** 
*** order  as t h e  atlas and t h e  ax i s .  *** 

GEOMETRY 
0.0 0.0 0.0 11.35E-03 0.0 10.7E-03 C2 

centers  of grav i ty  and i n e r t i a  of *** 

18.05E-03 0.0 21.40-03 0.0 0.0 7.95E-03 dens 
-5.45E-03 0.0 7.95E-03 -0.45E-O3 0.0 -0.25E-03 Cl 
-11.5E-03 0.0 15.95E-03 11.05E-03 0.0 0.2E-03 CO 

END 
INERTIA 
5.35E-02 l.1E-05 i.lE-05 1.8E-05 
1.8E-03 3.OE-07 3.OE-07 2.4E-08 
4.6E-02 1.íE-05 l.iE-05 2.2E-05 
5.6E-02 1.3E-05 1.3E-05 2.24E-05 

END 
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JOINTS 
I BRAC 
2 BRAC 
3 FREE 
4 FREE 

END 
*** The (dynamic) cardm j o i n t s  a r e  used t o  descr ibe  damping t o  t h e  
*** system and t o  ge t  t h e  r e l a t i v e  r o t a t i o n s  of ver tebrae i n  Bryant 

*** 
*** 

*** angles .  Tie  cardan r e s t r a i n t s  have no s t i f f n e s s .  *** 
*** Damping c o e f f i c i e n t s  of 0.25 Nms a r e  used. *** 

CARDAN RESTRAINTS 
3 I O O O I O O O 1 O O O 0.25 0.25 0.25 O O O 
4 I O O O 1 O O O 1 O O O 0.25 0.25 0.25 O O O 

END 
FUNCTIONS 
3 
-1.57 0.0 0.0 0.0 1.57 0.0 

END 
*** Def in i t i on  of t h e  geometry of t h e  r i g i d  bodies and t h e  geometry *** 
*** and o r i e n t a t i o n  of t h e  contact sur faces  of f a c e t  j o i n t s .  *** 

ELLIPSOIDS 
I 25.53-03 26.35E-03 10.7E-03 o. o 0.0 10.7E-03 + 

4 0 0 0  c2 

4 O O O dens 

4 0 0 0  Cl 

4 0 0 0  co 

4 O O O f a c e t  dens ( -a t las )  

8 O O O f a c e t  atlas (-dens) 

8 O O O 

8 O O O 

2 O O O 

2 O O O 

8 O O O l e f t  i n f e r i o r  f a c e t  C1 

8 O O O 

2 O O O 

2 O O O 

2 5.45E-03 5.OE-O3 7.95E-03 0.0 0.0 7.95E-03 + 

3 22.8E-03 38.5E-03 7.7E-03 -9.1E-03 0.0 -0.25E-03 + 

4 24.2E-03 32.4E-03 8.7E-03 2.4E-03 0.0 0.2E-03 + 

2 1.OE-03 4.35E-03 5.4E-03 2.65E-03 0.0 7.7E-03 + 

3 1.OE-03 5.iE-03 4.8E-03 10.35E-03 0.0 -0.25E-03 + 

3 11.3E-03 5.8E-03 1.OE-03 -1.3E-03 20.OE-03 3.45E-03 + 
l e f t  superior  f a c e t  C1 

r i g h t  superior  f a c e t  C1 

l e f t  o c c i p i t a l  condyle 

r i g h t  o c c i p i t a l  condyle 

3 11.3E-03 5.8E-03 1.OE-03 -1.3E-03 -20.OE-03 3.45E-03 + 

4 11.3E-03 5.8E-03 2.OE-03 10.2E-03 20.OE-03 -9.35E-03 + 

4 11.3E-03 5.8E-03 2.OE-03 10.2E-03 -20.OE-03 -9.35E-03 + 

3 8.8E-03 8.15E-03 1.OE-03 2.8E-03 15.15E-03 -9.35E-03 + 

3 8.8E-03 8.15E-03 1.OE-03 2.8E-03 -15.15E-03 -9.35E-03 + 
r i g h t  i n f e r i o r  f a c e t  C1 

l e f t  super ior  f a c e t  C2 

r i g h t  superior  f a c e t  C2 

I 8.95E-03 8.4E-03 2.OE-03 15.25E-03 i5.15E-03 16.6E-03 + 

1 8.95E-O3 8.4E-03 2.OE-03 15.25E-03 -15.150-03 16.6E-03 + 

END ELLIPSOIDS 
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ORIENTATIONS 
9 99 I 2 -0.23 
10 99 1 2 -0.28 
I1 99 I I 0.315 3 -0.44 
12 99 I I -0.315 3 0.44 
13 99 I I 0.315 3 -0.44 
14 99 d d -0.315 3 0.44 
15 99 1 I -0.485 
16 99 i i G.485 
17 99 I I -0.485 
18 99 I I 0.485 

END ORIENTATIONS 
INITIAL CONDITIONS 

o. o. o. o. o. o. 
END SYSTEM I 
FORCE MODELS 
*** Defin i t ion  of contact  i n t e rac t ions  between contact sur faces  and *** 
*** of t h e  s t i f f n e s s  of t h e  contact  surfaces .  *** 

CONTACT INTERACTIONS 
ELLIPSOID-ELLIPSOID 

1 9 I 10 4 1 I O O O.OE+OO O I O 
1 I1 I 13 4 I I O O O.OE+OO O 1 O 
1 12 I 14 4 I I O O O.OE+OO O I O 
I 15 I 17 4 I I O O O.OE+OO O I O 
I 16 I 18 4 I 1 O O O.OE+OO O I O 

END 
FUNCTIONS 
2 
0.0 0.0 1.0 1.OE6 

END 
END CONTACT INTERACTIONS 

*** Defin i t ion  of t h e  attachment poin ts  and the  nonl inear  s t i f f n e s s  *** 
*** c h a r a c t e r i s t i c s  of t h e  ligaments. *** 

KELVIN ELEMENTS 
1 2  0.0 -2.95E-03 15.8E-03 1 4  16.95E-03 -13.25E-03 -4.OE-03 + 

1 I O O O O I r i g h t  alar ligament 

I I O O O O 1 l e f t  alar ligament 
I 124.3E-03 0.0 17.15E-03 I 3 12.5E-03 0.0 -5.lE-03 + 

2 2 O O O O I a n t e r i o r  atlanto-axial membrane 
1 3 13.4E-03 0.0 2.3E-03 1 4  18.5E-03 0.0 -0.8E-03 + 

3 3 O O O O I a n t e r i o r  a t l an to -occ ip i t a l  membrane 

4 4 O O O O I pos te r io r  atlanto-axial membrane 

5 5 O O O O I 

6 6 O O O O I 

6 6 O O O O I l e f t  capsular  ligament CO-CI 

7 7 O O O O I 

7 7 O O O O 1 

1 2  0.0 2.95E-03 15.8E-03 1 4 16.95E-03 13.25E-03 -4.OE-03 + 

1 1 -9.6E-03 0.0 11.2E-03 1 3  -23.9E-03 0.0 -7.45E-03 + 

I 3 -23.9E-O3 0.0 2.05E-03 1 4  -18.4E-03 0.0 -2.5E-03 + 
pos te r io r  a t lan to-occ ip i to  membrane 

r i g h t  capsular  ligament CO-Cl 
1 3 -11.5E-03 -24.8E-03 2.lE-03 1 4  0.0 -24.8E-03 -4.6E-03 + 

I 3 -11.5E-03 24.83-03 2.1E-03 1 4  0.0 24.8E-03 -4.6E-03 + 

I I 6.3E-03 -15.15E-03 14.2E-O3 I 3 -6.OE-03 -15.15E-O3 -6.05E-03 + 
r i g h t  capsular  ligament CI-C2 

l e f t  capsular  ligament CI-C2 
I 16.3E-03 15.15E-03 14.2E-03 I 3 -6.OE-03 15.15E-03 -6.05E-O3 + 
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END KELVIN ELEMENTS 
FUNCTIONS 
5 
-2.0 0.0 O O 0.21 56 0.46 305 0.92 610 
5 
-2.0 0.0 O O 0.35 43 0.55 260 1.1 520 
5 
-2.0 0.Q Q Q 0.2 29 0.40 310 0.80 620 
5 
-2.0 0.0 O O 0.6 17 1.24 100 2.48 200 
5 
-2.0 0.0 O O 0.4 15.5 0.71 151 1.42 302 
5 
-2.0 0.0 O O 0.26 32.5 0.47 175 0.94 350 
5 
-2.0 0.0 O O 0.29 22 0.65 170 1.3 340 

END 
BELTS 

I 3 1.25E-03 -10.3E-03 -3.05E-03 I 2 -5.45E-03 0.0 4.9E-03 + 
1 1 0 0 0  

1 2  -5.45E-03 
1 1 0 0 0  

END BELTS 
FUNCTIONS 
5 
-2.0 0.0 o o 

END 
BELTS 

1 1 11.35E-03 
1 1 0 0 0  

I 2 -5.45E-03 
I 1 0 0  

END BELTS 
FUNCTIONS 
5 
-2.0 0.0 o 

END 
END FORCE MODELS 

O O 1.0 

O O 1.0 

r i g h t  p a r t  of t ransverse  ligament 

l e f t  p a r t  of t ransverse  ligament 
0.0 4.9E-03 d 3 1.25E-O3 10.3E-03 -3.05E-03 + 

0.0086 26 0.04 120 0.08 240 

0.0 1Q.7E-03 1 2  -5.45E-O3 0.0 15.9E-03 + 
O O 1.0 
0.0 15.9E-03 1 4  15.9E-03 0.0 -0.3E-03 + 
O O 1.0 

i n f e r i o r  p a r t  of tector ia lmembrane 

superior  p a r t  of t e c t o r i a l  membrane 

0.074 I1 0.14 82.5 0.28 165 

*** Def in i t i on  of appl ied torques *** 
CONTROL MODULE 

REFERENCE SIGNALS 

END 
FUNCTIONS 
3 
O O 6.7 10.0 7.0 10.0 

END 
BODY ACTUATORS 

1 FUNC 1 

I TORQUE REFERENCE SIGNAL I LOCAL O I O 1 4 + 
9 2.4E-03 0.0 0.2E-03 

END 
END CONTROL MODULE 
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*** Definition of output data *** 
OUTPUT CONTROL PARAMETERS 

O O 0.050 3 0.001 
BELDIS 

I 3 -0.45E-03 0.0 -0.25E-O3 I I 11.35E-03 0 . 0  10.7E-03 + 
I re lat ive  displacement of c . g .  CI-C2 

I re lat ive  displacement of c . g .  CO-Cl 
1 4  11.05E-03 0.0 0.2B-03 I 3  -0.45E-03 0.0 -0.253-03 + 

END 
FORCES 

2 1 1  
2 2 1  
2 3 1  
2 4 1  
2 5 1  
3 1 1  
3 2 1  
3 3 1  
3 4 1  
3 5 1  
3 6 1  
3 7 1  
3 8 1  
3 9 1  
3 10 I 
4 1 1  
4 2 1  
4 3 1  
4 4 1  

END 
TORQUI 

1 4 1  
1 3 1  

END 
END OUTPUT 
END INPUT DATA 
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