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Abstract. The use of arthroprosthetic devices for spinal stabilization is a widely used
procedure in the field of biomechanics. There are several problems on the spinal
columns that need to use devices like cages to keep distance between the vertebrae.
In many cases, these devices are implanted between the vertebrae to keep a
clearance between them and so avoid pain or numbness of the limbs. Thanks to new
manufacturing approach, it is possible to use powerful topological optimization
algorithms to get biomedical devices with high values of performance. Aim of the
paper is to define a simulation to get the kinematic behavior of the human cervical
structure. Thanks to the results of the simulation, the model can be used to study
the effectiveness of an arthroprosthetic device positioned to stabilize the cervical
segment of the spinal column and improve the rehabilitation process. The part of the
vertebral column under examination is between C3 and C7. Computer Aided Design
has been used starting from the 3D scan of the cervical spine obtained by magnetic
resonance imaging. The great potentiality of the method is to use a kinematic
simulation that models the vertebrae as rigid body and the ligaments and
intervertebral discs as a system of springs. This allows to reduce the cost of
simulation in term of complexity and time to reach the solution. The kinematic
mechanism will be used in a second step for the assessment of the insertion of
arthroprosthetic device in terms of stabilization of the upper part of the spinal
column. The main objective is to have a tool that allows to immediately identify the
best geometry for the patient and to optimize the shape for each specific case. The
tool will be tested in future in order to verify the robustness and reliability in several
other cases.
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1 INTRODUCTION

The use of arthroprosthetic devices for spinal stabilization is a widely used procedure [18] in the
field of biomechanics. The intervertebral body fusion devices are widely used in the treatment of
diseases of the cervical [5], thoracic and lumbar [8] areas. Among the most used biocompatible
materials for the realization of these devices are titanium alloys, in particular Ti-6Al-4V ELI, thanks
to their high strength / weight ratio and their printability with the new Additive Manufacturing
techniques [22], make it the material widely used in biomechanics. In recent decades, the
development of Additive Manufacturing technologies has made possible to build complex and
particularly effective structures such as rhombic dodecahedron lattices. The technologies used in
this field are Electron Beam Melting (EBM), Laser Engineered Net-Shaping (LENS), and Selective
Laser Melting (SLM) [21]. These technologies have allowed the development of new and increasingly
powerful topological optimization algorithms[3,6,7] , but also the study of new materials for
increasingly performing components also for biomedical applications [15].

Aim of the study is to model the system formed by the articulation and ligaments of the cervical
tract of a human being by means of a fast and very useful kinematic model. The final kinematic
model can be used for different aspects involving the problems with cervical spine. For example the
development of a virtual program of exercises for personalized rehabilitation of patients, as made by
Aruanno et al. [2] in the case of patients with problems to the hand. Another field of application is
the evaluation of intervertebral body fusion devices in a preliminary phase in order to choose the
best one for the patient. This last application will be proposed in the paper, exploiting the kinematic
model developed in order to assess two different devices for treatment of diseases of cervical spine.
A standard CAD model, so-called Taro, made by the University of Tokyo and obtained through
magnetic resonances performed on subjects of the male population of medium height was used as
the study model. The resonances were processed and a complete 3D model of the cervical spine has
been obtained [14]. Thanks to this reconstruction, a kinematic model has been developed using a
mix of 3D rigid bodies and 1D elastic elements. This suitably calibrated kinematic system was
validated by comparison with the experimental data taken from the work of Voronov et al. [19], who
conducted studies on the Range Of Motion (ROM) of the cervical tract C3-C7, belonging to cadavers,
to which DTRAX® arthroposthetic devices were applied. The case studies are two different cages,
made by the MtOrtho company, with the clinical purpose of solving disc disease problems on patients
of two different heightsi.e., 1.70 cm (case 1) and 2.00 meters (case 2). These cages were simulated
by rigid bodies fixed on the vertebrae. The study of two different stature is due to the size of the
different vertebrae between the northern European and southern European populations. The case of
disc disease localized between C5-C6 was chosen as the implantation position. The cage (case 1) has
main dimensions of about 15x15x6 mm, the cage has two different substructures, a solid structure,
hereinafter referred to as "melt and a dodecahedral rhombic texture, hereinafter referred to as "net".
in particular the net is a lattice structure made by Additive Manufacturing. In particular, the titanium
alloy reticular bodies are used in biomechanics as casting devices, due to their biocompatibility and
lightweight characteristics. The great potential of the method is that it is very fast and the
implantation is very simple. The method can be used in order to calibrate rehabilitation exercise or
in order to implement a virtual platform for rehabilitation as reported by Aruanno et al [1]. The future
turning point is automatic learning, both for the treatment of spine surgery and the related clinical
decisions to optimize post-operative results [4], but also for personalized topological optimization for
the patient [20].

2 MATERIALS AND METHODS

2.1 Anatomy of the Cervical Spine

The study proposed in the paper is focused on the part of the cervical spine between C3-C7. In
general, the cervical spine has 7 stacked bones called vertebrae and labeled from C1 to C7. The first
one (C1) connects the neck to the skull, the last one connects the neck to the upper back (between
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the shoulder). The main tasks of this part of spine are to support the movement of the head and
protecting the spinal cord. There are many examples in the literature of CAD models that take
advantage of Magnetic Resonance Imaging to reconstruct the cervical spine. In this paper, a
polygonal reconstruction of the non-profit research institute DBCLS (Database Center for Life
Science) at the University of Tokyo [13,14] has been used. The MRI images belong to an adult male
with a height of 171.4 cm and with a weight of 63.3 kg. Figure 1 shows the main planes of the
cervical spine, the picture 1 (d) highlights the sagittal plane and the five vertebrae with the section
useful to understand all the rigid parts of the spine and the scientific nomenclature.
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Figure 1: 3D polygonal reconstruction of the cervical spine: (a) frontal view, (b) lateral view, (c)
sagittal section and (d) the scientific nomenclature.

The cervical spine under investigation in this paper has been modeled with the following anatomical
structures: the cervical vertebrae from C3 to C7, the intervertebral discs subdivided into a fibrous
ring (annulus) and nucleus pulposus, the ligaments. The vertebrae have been considered as rigid
parts, during the movement of the head the bone is not subjected to deformations or stresses beyond
the breaking point of the bone. There is other two main parts of the cervical spine: the intervertebral
discs and the ligaments. The discs help to absorb eventual shocks, they have a function of cushion
between vertebrae in all the activities of weight-bearing. The disc is composed by two annular parts,
the outer annulus called annulus fibrosus and the inner part called nucleus pulposus, as shown in
Figure 2.
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Figure 2: Disc between C6-C7 with annulus fibrosus and nucleus pulposus.

The ligaments that participate in the kinematic of the cervical considered in the paper are: ALL
(Anterior longitudinal ligament), PLL (Posterior Longitudinal Ligament), CL (Capsular ligament), CF
(Flavum ligament), ISL (Interspinous ligament). There are ligaments continuous along all the
cervical spine and reach the lower part of column, they are the Anterior Longitudinal Ligament (ALL),
Posterior Longitudinal Ligament (PLL) and the Flavum Ligament (LF). Figure 3 shows these three
ligaments in a 3D view and in a lateral view. The other two ligaments considered in the model are
the Capsular Ligament (LC) and the Interspinous Ligament (ISL). These two ligaments work between
two consecutives vertebrae. The Figure 4 shows an example of these two ligaments between C3-C4.

2.2 Model and Mechanical Properties

The vertebrae are modeled as a rigid part with a distributed mass. The value of mass for each cervical
vertebra is reported in Table 1 as suggested by Lowrance et al. [12].
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Figure 3: From top to bottom - (a) ALL, (b) PLL and (c) LF.
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Figure 4: (a) LC between C3-C4 and (b) ISL between C3-C4.

Cervical vertebrae Weight [g]
C3 4.9
C4 5.2
C5 5.4
cé6 5.8
c7 6.6

Table 1: vertebrae weights.

In order to simplify and reduce the time of computation, the discs and the ligaments have been
modeled with a system of springs following 1D approach, avoiding the complexity of a 3D model.
The main parameter of these springs is the stiffness, the value assigned during the simulation allows
to reproduce the real behavior both for the discs and the ligaments. For each part with a homogenous
material has been defined a global stiffness subdivided in a humber of springs working in parallel,
for each single spring the value of stiffness is reported in the equation (2.1).

et

K is the overall stiffness of the homogeneous element; n is the number of springs into which the
part has been divided and Ki the specific stiffness of the individual spring. The stiffness of these
springs was modelled and calibrated on the basis of the available scientific literature, generally based
on experimental data conducted on cadavers. The intervertebral disc was modelled by means of
parallel springs differentiated in stiffness according to whether they compose the annulus or the
nucleus pulposus. The intervertebral discs consist mainly of two concentric parts, the central part,
formed by the nucleus pulposus, and an outer fibrous ring (annulus). The disc has been modeled
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with a group of parallel springs (shown in the Figure 5); the mechanical behavior of these springs is
to only react to compression forces. The direction of the springs is influenced by the surfaces of the
two consecutive vertebrae.

N
Figure 5: Parallel springs used for modeling the disk C3-C4.

The pulposus has been modeled with hyper-elastic properties (according to the Mooney-Rivlin
definition of material [16]). The elastic modulus E was calculated using formula (2.2):

E =6-(Cy + () [MPa] (2.2)
The two parameters C1 and C2 (2.3), were derived from the scientific literature [16] as:
C; =012 e C; =0.09 (2.3)

The stiffness has been calculated using the following formula (2.4), it is dependent by the section
area (A) of nucleus pulposus, the value of elastic modulus calculated with (2.2) and the average
height of the intervertebral disc. The last parameter has been measured thanks to the 3D model of

the scan.
E-A[N
K== [mm (2.4)
The area of the nucleus pulposus was evaluated as 70% of the entire disc area, with the remaining
30% being occupied by the annulus [17]. The annulus has a fibrous structure and as reported by Ha
[10] the material of this part can be modeled with a 4-layer laminated composite structure. This
structure consists of matrix and fibers oriented with +/- 65° (20% volume fraction). The mechanical

characteristics of matrix and fibers are indicated in Table 2 [10] calculated with the rule of mixtures.

Annulus Elastic Poisson’s
module ratio
Matrix annulus 4.2 0.45
Fiber annulus 450 0.3
Composite 4.8 0.23

Table 2: Mechanical characteristics of the annulus.

Table 3 shows the height and area values of the various intervertebral discs for each pair of vertebrae
from C3 to C7. The literature suggests to divide the intervertebral disc with the 70% of area occupied
by the nucleus pulposus and the remaining 30% occupied by the annulus.

Discs Height [mm] Total area [mm?]
C3-Cc4 3.5 288
C4-C5 3.5 320
C5-C6 5 327
C6-C7 4 375

Table 3: Height and area.
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Table 4 shows the specific stiffness values of the nucleus pulposus and the annulus, for each disc.
The table also shows the number of springs used for each disc and part of disc.

Nucleus Spring Ki [N/mm] Annulus Spring Ki [N/mm]
C3-Cc4 9 8.1 C3-C4 15 7.9
C4-C5 9 9.0 C4-C5 15 8.8
C5-C6 9 6.4 C5-C6 15 6.3
Cc6-C7 9 9.2 Cc6-C7 15 9.0
C3-C4 9 8.1 C3-C4 15 7.9

Table 4: Stiffness of the nucleus (left) and annulus pulposus (right).

The same concept has been used for the ligaments. An example of the spring system used for the
ligaments is reported in Figure 6. The picture shows the body-spring system formed by the couple
of C3-C4 vertebrae and the interspinous ligament, ISL.

Figure 6: ISL ligament anatomically on the left, transformed into system of springs following 1D
approach on the right.

The stiffness value of the springs was taken from the scientific literature [11]. The mechanical
behavior of the springs is to react only to tensile forces, as for the real ligaments. Also in this case,
the specific stiffness is calculated as a function of the number of elements in which the ligament is
discretized. Table 5 shows the values of the stiffness for each spring used in the model.

Ligament l\]umber of Overall stiffness  Specific stiffness Ki
spring elements K [N/mm] [N/mm]
ALL 3 46.9 15.6
PLL 2 71.6 35.8
CL 3 (on each side) 69.4 23.13
LF 5 118 23.6
ISL 3 22.1 7.3

Table 5: Stiffness of the ligaments.

2.3 Constraint System, Contacts, Degrees of Freedom and Range of Motion

In order to evaluate different case studies and doing a comparison between results, the Range of
Motion (ROM) must be evaluated under different load conditions. For the evaluation of ROM (Range
of Motion) the experimental system used in the article [19] on cadavers was replicated in a virtual
way. The degrees of freedom are the rotation around the X-axis (flexion-extension), the rotation
around the Y-axis (lateral bending) and the torsion of the head around the Z-axis (axial rotation).

The load consists of a moment equal to 1.5 Nm applied on the C3 vertebra and acting individually
around each axis, Figure 7 shows the definition of the Range of Motion.
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Figure 7: Definition of Range of Motion.

On the C7 vertebra there is an interlocking constraint that blocks any displacement and rotation in
the three directions. No constraints are applied to the remaining vertebrae. The contact between the
vertebrae was modeled with a rigid, non-penetrating and frictionless contact. The ROM allows to
evaluate the flexibility of the cervical spine and thanks to results of kinematic model it is possible to
get displacements, velocities and accelerations of any point considered. The data obtained are the
displacement of the center of mass of each individual vertebra with relative Euler angles. The Euler
angles are labeled 1, 2 and 3 and they are respectively along the x axis (flexion-extension), y (lateral
bending) and z (axial rotation).

2.4 MtOrtho Device, Description and Case Studies

The MtOrtho cage in Figure 8 is positioned anteriorly between the vertebral arches of two consecutive
vertebrae, allows realignment and correct spacing between two suffering vertebrae in discopathy
patients. The cage has two different substructures: the solid structure (melt) and the rhombic
dodecahedral texture (net).

Net structure
Melt structure

Figure 8: The cage a with highlighted the net and melt structures.

These arthroplasty is usually made by Additive Manufacturing EBM [9] in Ti-6AIl-4V ELI, the surfaces
of the vertebrae in contact with the cage are scraped, this procedure is called "bleeding the bone",
favoring the osseointegration of the two vertebrae with the cage, fixing them. The case studies under
investigation involve two different sizes of the same device, called cage A and cage B. Cage B is
obtained from an affinity scaling of cage A. Figure 9 shows the comparison between the melt structure
of cage A (in green) and the one of cage B (in blue). Cage B is taller (z scale factor of 1.43), narrower
(x scale factor of 0.875), and shorter (y scale factor of 0.75).

Figure 9: comparison between cage A (green) and cage B (blue).
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The kinematic study was carried out with Siemens NX© Motion software. The case studies under
investigation are three. The first one is the free condition (without cage between vertebrae) and the
results of this case have been compared with the experimental ones proposed by Nagaoka et al.
[14]. The second case is the condition with the cage A between the vertebrae C5-C6 and the third
case is the condition with the cage B between the vertebrae C5-C6.

3 RESULTS AND DISCUSSION

3.1 Case Study 1: Range of Motion in Free Condition

Figure 10 shows the screenshots of animation of the motion study of the cervical spine. The pictures
show the maximum rotation for each load condition applied. Thanks to these results it is possible to
extract all the angles between the single vertebrae.

ROM: flexion-extension
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Figure 10: Extremal positions of ROM.

Table 6 shows the ROM values, considering the various segments of the cervical tract and comparing
them with the experimental data [19]. The comparison with the experimental results of literature is
very promising and it confirms that it is possible to simulate the kinematic of cervical spine with the
use of a mix of 1D approach and 3D models.

Range of Motion [deg]

Motion Segment Simulation DTRAX® device Paper - Intact [12]
C3-C4
Flexion-extension 8.34 9.0+ 2.5
Lateral bending 8.88 11 + 3.0
Axial rotation 12.91 6.9+ 2.4
C4-C5
Flexion-extension 7.19 8.6 £2.0
Lateral bending 7.0 9.8 +1.2
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Axial rotation 10.84 9.3 £ 3.2
C5-C6
Flexion-extension 9.74 11.5+ 3.5
Lateral bending 5.26 10 £ 2.1
Axial rotation 8.74 85%x2.1
C4-C6
Flexion-extension 16.94 20.2 £ 5.2
Lateral bending 12.27 10.8 + 2.6
Axial rotation 19.59 17.8 £5.1

Table 6: Comparison of ROM results from case study 1.

3.2 Case Study 2: Range of Motion Cage A Implanted in C5-C6

In Figure 11 it is possible to see the model of the cervical with the cage A designed by MtOrtho® and
implanted in the pair of cervical vertebrae C5-C6.

:(‘\ V) e
Yﬂj/"‘\« “, AL J
I R e N ;‘ﬂf}

— g - - Ly’\

Figure 11: Case 2: cage A on cervical C5-C6.

The ROM obtained in the Table 7 are compared with those of the literature relating to the DTRAX®
device.

Range of Motion [deg]

Motion Segment Simulation DTRAX® device Paper — Intact [12]
C3-C4
Flexion-extension 8.3 10 +£ 2.6
Lateral bending 8.58 11.1 £ 2.5
Axial rotation 12.58 8.1+2.7
C4-C5
Flexion-extension 7.51 9.8 £ 1.8
Lateral bending 6.62 9.3+ 1.5
Axial rotation 5.94 10.0 £ 3.3
C5-C6
Flexion-extension 0 3.4+1.8
Lateral bending 0 0.7 £ 0.5
Axial rotation 0 0.8+ 0.5
C4-C6
Flexion-extension 7.51 12.5+ 3.5
Lateral bending 6.62 10.0+ 1.6
Axial rotation 5.94 10.8 £ 3.6

Table 7: Comparison of ROM results from case study 2.
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In this case study there is a value of 0 between the vertebrae C5-C6 because among these two
vertebrae has been applied the cage. The main objective of the cage is to lock the relative movement
of C5 and C6 and so to keep fuse the two vertebrae. This effect is evident in the DTRAX® case,
where there is a great reduction of mobility with respect to the free case. The simulation also models
this effect. The DTRAX® case has been conducted on “ex vivo” considering all the ligaments of the
spine cervical with the correct direction of force reaction. The model proposed in this paper lacks of
some ligaments and the direction of the springs is not equal to the one considered in DTRAX® case,
this discrepancy could lead to the differences reported in Table 7.

3.3 Case Study 3: Range of Motion Cage B Implanted in C5-C6

In case study 3, the cervical spine is considered in relation to a patient who is 2.00 meters tall and
has an intervertebral cage B at C5-C6. The ROM obtained in the Table 8 are compared with the ones
of the literature relating to the DTRAX® device.

Range of Motion [deg]

Motion Segment Simulation DTRAX® device Paper — Intact [12]
C3-C4
Flexion-extension 6.6 10 £ 2.6
Lateral bending 7.43 11.1 £ 2.5
Axial rotation 9.46 8.1x2.7
C4-C5
Flexion-extension 6.77 9.8 £ 1.8
Lateral bending 7.698 9.3+1.5
Axial rotation 12.88 10.0 £ 3.3
C5-C6
Flexion-extension 0 3.4+1.8
Lateral bending 0 0.7 £ 0.5
Axial rotation 0 0.8+ 0.5
C4-C6
Flexion-extension 6.77 12.5+ 3.5
Lateral bending 7.698 10.0 £ 1.6
Axial rotation 12.90 10.8 £ 3.6

Table 8: Comparison of ROM results from case study 3.

Also, in this case study there is a value of 0 between the vertebrae C5-C6 because among these two
vertebrae has been applied the cage. For the same reasons of case study 2 there is a discrepancy
between the simulation and the test case of DTRAX®.

4 CONCLUSION

The kinematic study of the cervical spine examined simulates with good approximation the real
behavior of the spinal column. The findings of this method are promising and a good correlation was
found with experimental results proposed in literature. Compared to a FEM system, the kinematic
model is considerably more efficient in terms of computational cost, calculation time and complexity
in the setup phase. Thanks to this kinematic model has been possible to evaluate the efficiency of
different cage devices developed by MtOrtho applied to two patients with different height and cervical
discopathy. The cages provide a good stability of the section on which they act without excessively
reducing the Range of Motion (ROM) of the column in the free vertebrae sections. Further
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investigations will be necessary to improve the kinematic model considering muscles and ligaments
not considered in this phase.
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