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There is considerable biomechanics literature on ¯nite element modeling and analysis of the
spine. To accurately mimic the biomechanical behavior of the vertebral column, a generated
computational model has to include anatomical structures that are consistent with physiological
reality. In this review article, we focused on the ¯nite element spine models that have been
developed by various approaches in the literature. Firstly, the anatomical features of the spine
and the spinal components have been brie°y explained. We then focused on the modeling stages
of vertebrae, ligaments, facet joints, intervertebral discs, and spinal instruments. With this
paper, we expect to provide a comprehensive resource regarding the modeling preferences used
in spine modeling.
Keywords: Finite element method; spine models; reconstruction of imaging data; biomechanical
behavior.

1. Introduction
The spine is a dynamic structure made up of vertebrae, intervertebral discs, and soft
tissues (muscles, nerves, spinal cord, and ligaments). From the biomechanical point
of view, the spine plays a crucial role in the transmission of dynamic loads and
moments resulting from the head, trunk, and pelvis movements. A healthy spine
functions properly with strong bones and muscles, °exible tendons, ligaments, and
nerves. It is a complex and °exible system that is allowing individuals to stand
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upright, bend and twist, protecting the spinal cord from injury within the neuromuscular control system.1,2
Among all other medical conditions, spinal disorders have taken a vital place in
the health-related quality of life. Spinal surgery is a developing area in today's
clinical medicine as a therapeutic measure.2 Technological advances have signi¯cant
implications for modern spinal disorder treatments. The main goal of pharmaceutical, biological, and mechanical treatments is to relieve back pain. However, there
are not so many technological alternatives for the treatment of spine disease.3
Decompression and fusion are the main treatment for intractable back pain, which
involves the employment of bone grafts, metal plates, metal rods, and screws.3
Scoliosis is a sideways curvature of the spine associated with the degeneration of
spinal components such as the intervertebral disc, facet joint, and vertebral bone.4,5
Also, osteoporosis is another reason for degeneration to some extent.5,6 The degeneration of the intervertebral discs and facet joints causes the spinal column to misalign in the coronal plane.5,7 Surgical interventions are performed on the spine with
severe or progressive deformities.8–11 Determination of the spinal muscle forces or
stresses across the vertebrae and intervertebral discs would provide valuable insight
regarding the postoperative outcomes of the surgeries. Several studies have been
conducted to measure in vivo spinal muscle forces and intervertebral loads by using
some experimental techniques.12,13 However, since these techniques are highly invasive and ethically questionable, only a few studies experimentally determined the
spinal loads and muscle forces in living people.14–16 At this point, computational
biomechanical models and simulations are considered as an alternative for the
noninvasive determination of muscle and spinal loads.6,8,17,18
As a result of the development of computational methods, and because of the
°exibility in representation of the biomechanical features of the soft and hard tissues
and less ethical concerns, ¯nite element (FE) models have gained popularity and
have been used as a practical alternative for in vivo and in vitro testing methods.12,19–21 However, due to the unique biomechanical features of the spine, it is
challenging to develop physiologically reliable and accurate FE spine models.10
Therefore, veri¯cation, validation, and calibration of FE model simulations should
be critically conducted before making clinical implications.6,8,22
In this review paper, after brie°y addressing the spine structure, we evaluated FE
spine models developed with various approaches in the literature. We also introduced
and discussed the modeling stages of the vertebrae, ligaments, facet joints, and
intervertebral discs with an emphasis on the scoliotic spine and spinal implants.
2. Anatomical Structure of the Spine
The vertebral column (spine or backbone) is constituted of several parts like bones,
joints, tendons, and muscles extending from the skull to the pelvis. It is a complex
and °exible system allowing individuals to stand upright, bend, and twist and also
protect the spinal cord from injury.1,2
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Fig. 1. (Color online) CT image showing the spinal curvature of a scoliotic patient and the threedimensional model of the spinal components in di®erent colors (vertebrae, discs, facet joints (in red color),
and ligaments (in blue and purple colors)).

The computed tomography (CT) image of a patient with scoliosis is seen in Fig. 1.
Compared to a healthy spine, the scoliotic spine has an abnormal curvature that
describes the deformity, especially in the thoracic region.
The thoracic spine is the most common location for the scoliotic curve and it has
signi¯cant importance in several ways.23 The thoracic spine and the ribs protect the
lungs and the heart, and also this region has a role in the re°ection of the sympathetic
a®erent °ow in the nervous system through the other organs. As a result of dysfunctions in this region, lesions can be seen as a mobility loss. Biomechanical in°uences of these lesions can be seen in the vertebrae, joints, and other structures of the
thoracic region.1,24,25
If there is a structural deformity in the frontal plane, then scoliosis leads to lateral
curvature of the spine and rotation of the vertebrae. The diagnosis of this
disorder can be performed by physical examination and imaging techniques like
X-rays, CT, or magnetic resonance imaging (MRI) scans. Scoliosis can be treated
with orthopedic interventions depending on the condition of the curvature of the
spinal column.1,2,25
To maintain the correct alignment of the spine, the applied loads on the spine
should be delivered equally with the help of spinal instrumentation. The diseased
portion of the spine can be stabilized by using spinal instrumentation and this mechanical system can distribute loading over the spinal components. Additionally,
spinal implants can be more e®ective with appropriate mechanical characteristics
like high material strength, toughness, and fatigue resistance.2 The construction of
2230001-3

S. Z. Akinci & Y. Ziya Arslan

the spinal implants should have a basis involving these special features and the total
loading should be transferred through the vertebral column during °exion and extension, torsional loading, and side bending.
To analyze the biomechanics of the spine function, load–displacement characteristics of the corresponding region should be evaluated in the functional spinal
unit, which represents the central biomechanics and functional characteristics of the
entire spine.25–27
2.1. Structure of the vertebrae
In di®erent regions of the spine (cervical, thoracic, or lumbar spine), structural
di®erences of the vertebrae can be seen, but generally, they look similar. Each of
them consists of a body, an arch, and various processes (Fig. 2). The structural
di®erences between the di®erent vertebrae can be detected in Fig. 3. Figure 3(a)
indicates the thoracic vertebrae from the second level to the last of this region (from
T2 to T12). The anatomical structures of the whole lumbar vertebrae (from L1 to L5,
Fig. 3(b)) are slightly di®erent from those of the thoracic region. The lumbar
vertebrae are larger and heavier than vertebral bodies in other regions.
2.2. Structure of the intervertebral disc
The intervertebral disc is the main load-bearing structure in a healthy spine.28 This
complex structure resists and absorbs various loads and experiences large deformations through the vertebral column and provides the °exibility of the spine.29
The intervertebral disc is composed of water, collagen, proteoglycans, and other
matrix proteins and consists of an inner gelatinous core, the nucleus pulposus, a
surrounding ring, the annulus ¯brosus, and the cartilaginous endplates.29 The threedimensional (3D) full intervertebral disc structure and the corresponding neighboring segments of this spinal region are shown in Fig. 4.

Fig. 2. General structure of a vertebra.
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(a)

(b)
Fig. 3. Representation of the (a) thoracic vertebrae (T2–T12) and (b) lumbar vertebrae (L1–L5).

2.3. Structure of the facet joints
The facet joint has complicated anatomical and morphological features as well as
mechanical characteristics that a®ect the whole behavior of the vertebral column.
Facet joints exist in pairs at each spinal level on the posterior parts of the lateral
segments of each vertebra. Figure 5 indicates the region of two facet joints after the
segmentation process is completed.
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Fig. 4. (a) 3D model of the vertebrae and intervertebral discs and (b) full disc structure between the
neighboring segments of this model.

Fig. 5. Anatomical orientation of a facet joint between two vertebrae.
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In a healthy human spine, there is a low-friction interface between the cartilage
surfaces of the facet joint that facilitates the motion. The anatomical features, orientation, and mechanical behavior a®ect the spine response against external loading
as a result of the interaction with intervertebral discs.30
The orientation of the facet joints is di®erent in speci¯c parts of the spine and it
alters in di®erent people as well. While the facet joints are vertically located in the
thoracic region, the ones in the lumbar region are approximately oriented as parallel
to the upper direction.28
2.4. Structure of the ligaments
From the clinical perspective, it is vital to preserve the functionality and stability of
the spinal column in the case of structural disorders of the spine.31 Ligaments are
important spinal constituents that keep the stability of the spine.32 These spinal
components, which are strong ¯brous tissues, hold the spinal column together and
protect the intervertebral discs by stabilizing the applied loads.1,33
There are three major ligaments in the spine. These are the ligamentum °avum,
anterior longitudinal ligament, and posterior longitudinal ligament (Fig. 6). In
addition to providing stability, they have an important role in limiting the
spinal column from excessive movement.31 Additionally, the anterior and posterior
ligaments beginning from the top of the vertebral column to the end of the sacrum
prevent excessive motions of the spine. The third major ligament, the ligamentum
°avum, exists as an attachment between the spinous processes of the vertebral
column.1,33

(a)
Fig. 6. Major ligaments (ligamentum °avum, anterior and posterior longitudinal ligaments) in the vertebral column of (a) L2–L3 and (b) T10–sacrum.
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(b)
Fig. 6.

(Continued )

3. Digitization of the Spine Anatomy: Segmentation and Construction
of the 3D Model of the Spine
CT is a two-dimensional imaging technique that can be used to diagnose or detect
spinal column damage in injured patients. The CT scan images have been also
employed in the construction of the 3D model of the spinal structures that can be
simulated in the FE analysis. The working principle of CT is based on the measurement of the tissue absorption/attenuation coe±cient of radiation, which is relatively quanti¯ed with the Houns¯eld unit (HU) and can be related to bone density.
Di®erent densities of the bone allow separating the cancellous and cortical layers of
the bone.34
The FE modeling of the musculoskeletal system has several steps including image
segmentation, reconstruction, mesh generation, mesh optimization, and assignment
of material properties.35
There are various techniques for determining accurate geometries of the spinal
structures.36 CT scans of living and cadaver human specimens have been used to
obtain the geometry of the spine models.22,36–39 In the development of a model from a
CT data set, there are several steps to be taken (Fig. 7). First of all, surface extraction from the CT scan should be performed for obtaining the geometry of the
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Fig. 7. Flow diagram indicating the steps from the collection of CT images to obtain the ¯nite element
model of the human spine.

spine. For this purpose, a suitable image processing software [e.g., Mimics (Materialise's Interactive Medical Image Control System, Belgium), 3D Slicer, 3D Doctor, or
Vesalius3D] should be employed to reconstruct the geometry of models from CT
images.22,40 Following CT image processing steps with appropriate segmentation,
accurate geometries of spinal bony components can be obtained.22,35 Also, for the
mesh generation, the geometrical model is imported into another software [Abaqus/
CAE (Dassault Systemes), Ansys Workbench software (Ansys Inc. Canonsburg, PA,
USA), etc.], for FE analysis.28
Several research groups have been studying to improve fast and accurate
modeling procedures for orthopedic structures. Huang et al. modi¯ed the
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conventional approach to enhance software operating procedures. In their study, CT
images of di®erent bone tissues were used for the reconstruction of models. This
procedure involves image segmentation, an arrangement of the edge length and
meshes, and also the assignment of material properties that are related to the
corresponding gray values.35
In addition to this method, also MRI can be used to obtain the structural
geometry. MRI scans allow users to determine the structures that cannot be seen
from CT scans.22
In the modeling process, it is necessary to have CT images in the ¯le format of
DICOM. After transferring the scan data, modeling software is needed to convert the
DICOM data to images in di®erent anatomical planes (horizontal, coronal, and
sagittal planes). First of all, a computer-aided design (CAD) or solid model is constructed, then the meshing process is performed with di®erent methods (Fig. 8).
Generally, a mixture of the tetrahedral, wedge, and hexahedral elements has been
used for the generation of FE models.41 Following this meshing section, musculoskeletal models can be employed for the FE analysis.35
To reconstruct the bone structure, HU threshold values can be used in modeling
software.42 HUs are dimensionless variables used in CT imaging to indicate CT
numbers in a standardized form. Di®erent tissues of the body are represented by
appropriate HU values depending on their densities in the grayscale level. For instance, a HU value of 1000 is for air, 0 HU for water, and þ1000 HU for bone
density.43 CT data has been employed for measuring the HU values to evaluate the

Fig. 8. Surface processing of a vertebra indicating the improvement of surface mesh. After enhancements,
an ideal surface mesh is obtained.
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vertebral bone quality, which is related to mineral density and strength of the
bone.43,44
To assign the mechanical properties to the bone segments, HU values can be used.
HU value for the cancellous bone is associated between 200 and 500 and the apparent
density is between 0.75 and 0.97 g/cm3.45 According to Yosibash et al., the HU value
for the cortical bone is higher than 700 (HU > 700) and less than 700 for the cancellous bone.46
The relationship between the HU value and bone density () can be constructed
by using the following equation (Eq. (1)):
 ¼ 1:122  HU þ 47:

ð1Þ

Although only one elastic modulus value was assigned to specify the mechanical
properties of the bone tissue in some studies (i.e., elastic modulus ¼
0:63  1:35 MPa),47,48 two di®erent bone segments should be considered for a more
realistic FE model. To have the distinction between the cortical and cancellous
bones, the following equations (Eqs. (2) and (3)) can be used45
Ecancellous ¼ 1:904  1:64 ;
Ecortical ¼ 2:65  

3:09

:

ð2Þ
ð3Þ

Figure 9 represents the vertebra after material assignment. Firstly, the 3D solid
vertebra model is created, the volumetric mesh is completed then to indicate

Fig. 9. (a) 3D model of the L4 vertebra, (b) inner side of the vertebra that is composed of cancellous and
trabecular parts, and (c) and (d) material properties that were assigned before ¯nite element analysis.
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the number of material densities in this part, and ¯nally, material assignment
(elastic modulus and Poisson's ratio) can be applied to the remeshed object.
4. Element Types Used for Spinal Components
Various element types and structures have been used in FE modeling of the spine.
Table 1 summarizes di®erent types of elements that have been used in the literature
for the vertebrae, intervertebral discs, facet joints, and ligaments.
4.1. Modeling of the vertebrae
In the modeling process, the vertebral bodies and posterior elements can be constructed separately. In the segmentation stage, posterior elements and vertebral
bodies can be split into two parts by deleting rows of pixels in di®erent plane regions.
Following this separation, posterior parts may also be divided into di®erent segments
to create much simpler geometries. Thus, several segmentation masks can be used for
the modeling.28
The vertebrae consist of the cortical and cancellous bones and posterior structures. To simulate the cortical bone around the cancellous, a shell element can be
used.5,11,49–51 Figure 10 represents the segmentation procedure of a vertebral body.
The green region (obtained with the green mask) is the trabecular (or cancellous)
bone and the blue region (obtained with the blue mask) that surrounds the
trabecular bone indicates the cortical bone.
4.2. Modeling of the intervertebral discs and facet joints
Excessive deformation and degeneration of the intervertebral discs are the main
cause of the pathologies in the spinal column. These disc structures, which are
located between each pair of vertebrae, are soft tissues.56,59,60
In many spinal diseases including lumbar spinal disease and degenerative scoliosis,
the modeling of the intervertebral disc and also the facet joints have been constructed with various types of elements and materials. They have been created with
di®erent approaches.4,5,30,58,59 Since these spinal structures are not seen in CT scans,
one of these methods is manual segmentation. In this technique, the CT image is used
to develop the spinal components with di®erent segmentation masks.40 Figure 11
shows an example of manual segmentation. Various segmentation masks with different colors indicate the inner layers of the intervertebral discs between the adjacent
vertebrae. After this process, 3D solid structures could be obtained.
Besides the manual segmentation of CT scans, the intervertebral disc structure
can be developed by the \loft" option in CAD software such as SolidWorks (Dassault
Systemes, MA, USA) or a similar 3D CAD design software. The lofted structure is
developed between the two parallel surfaces, namely, between the lower side of one
vertebra and the upper side of the other vertebrae. An example of the ¯nal version of
a disc structure is seen in Fig. 12. After obtaining the full disc structure, the nucleus
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10-node points tetrahedron solid element5

Lamina terminalis

45049
Hyperelastic,
Mooney–Rivlin
(C10 ¼ 0:7, C01 ¼ 0:2)50
45
128,49,53–55
257

Two-node points cord element5
Rebar49
Eight-node brick50

10-node points tetrahedron solid element5
Hexahedral element (incompressible °uid)54
Incompressible °uid element49
Four-node hydrostatic °uid
(incompressible)50
Eight-noded brick28
Eight-noded brick element (isotropic,
elastic)57

Annulus (¯ber)

Nucleus pulposus

4.2

10-node points tetrahedron solid element
Hexahedral, eight-nodes (hyperelastic,
incompressible)56
Hexahedral element50,54

5,49,51,53,54

40005

14050
1005,51–54
45049

11300
1000049
120005,51–55

50

Ground mass of the
annulus ¯brosus
(disc annulus)

5

10-node points tetrahedron solid element5
Tetrahedral element54
Hexahedral element49
Eight-node brick element50
Volumic (solid)51
Tetrahedral element52

Cancellous bone

5

Six-node points triangular facet shell element
Hexahedral element49
Four-node shell50
Volumic (solid)51
Shell element52

Element type

Cortical bone

Spinal structure

Modulus of elasticity
(E) (MPa)
0.3
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0.349

0.495,54
0.49928,49,53,55,57

0.45

5,49,51,53,54

0.45

0.250–54
0.35
0.2549

5,49,51–55

0.250

Poisson's ratio

Table 1. Element types and material properties assigned to ¯nite element models of the spinal structures.
The thickness of the
cross-sectional
area (mm2 )
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0.349,53,58
0.454

0.349,53

10 (< 12%), 20 (> 12%)49
2054
Piecewise, nonlinear elastic50
10 (< 11%), 20 (> 11%)53
1058
15.0 (< 6:2%), 19.5 (> 6:2%)53
5 (< 25%), 10 (> 25%)49
7 (< 30%), 30 (> 12%)49
7.5 (< 25%), 32.9 (> 25%)53
1054
7.5 (< 25%), 32.9 (> 25%)57
1058
10.0 (< 18%), 58.7 (> 18%)22
1059

Tension only, truss elements two-node
spring49
Two-node points cord element5
Two-node spring element50

Two-node points cord element5
Tension only, truss elements49
Two-node spring element50

Two-node points cord element5
Tension only, truss elements49

Two-node points cord element5
Tension only, truss elements49
Tension only, truss elements (hypoelastic)57

Two-node points cord element5
10 (< 18%),
58.7 (> 18%)53
Truss element22

Anterior longitudinal
ligament (ALL)

Posterior longitudinal
ligament (PLL)

Ligamentum °avum
(LF)

Capsular ligament (CL)
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Intertransverse ligament
(ITL)

0.322,58

0.349,53,54,57

0.349,53,58
0.454

15 (< 12%), 30 (> 12%)49 piecewise,
nonlinear elastic50
7.8 (< 12%), 20 (> 12%)53
2054
7.858

Six-node points triangular object shell
element5

Contact face of the inferior articular process

0.35

Poisson's ratio

Six-node points triangular facet object
element5

1000

5

Contact face of the
superior articular
process

5

10-node points tetrahedron solid element

Element type

Articular cartilage

Spinal structure

Modulus of elasticity
(E) (MPa)

Table 1. (Continued )

40.55
258
0.359

102.55
42.249

4649
78.75

51.85
11.349
2658

11.149
75.95
6658

The thickness of the
cross-sectional
area (mm2 )
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0.2553

350053
7552
23.855

Ten-node link elements (tension resistance
only)53

Contact (GAP) element28,51
Nonlinear soft contact, GAPUNI49
Shell element52

Posterior bone

Facet (apophyseal) joint

0.452,55

0.352,53
0.2549
0.455

1200053
350049
100052

Hexahedral element49
Shell element52

Cartilage endplate

0.349,53,58

8.0 (< 20%), 15.0 (> 20%)53
4 (< 20–40%), 8 (> 40%)49
858

Poisson's ratio

Two-node points cord element5
Tension only, truss elements49
Tension only, spring elements54

Element type

Supraspinuos ligament
(SSL)

Spinal structure

Modulus of elasticity
(E) (MPa)

Table 1. (Continued )

75.75
1349
3058

The thickness of the
cross-sectional
area (mm2 )
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Fig. 10. Representation of the segmentation of a vertebral body with the cortical and trabecular regions.

Fig. 11. Manual segmentation of the intervertebral discs in a CT image with di®erent segmentation
masks indicating the inner layers of the discs.

pulposus and annulus ¯brosus sections can also be developed, along with the
appropriate anatomical features in the spine.
The nucleus pulposus can be modeled as an incompressible viscoelastic liquid.61,62
The collagen ¯bers are positioned with an angle of 30 in the groundmass of the
annulus ¯brosus.63 In addition, the collagen ¯bers can also be modeled with tension
resistance.18
Another manual creation method can be applied between the adjacent endplates
for the construction of the intervertebral discs. For the meshing of these structures,
radial displacement of nodes could be employed to assign annulus ¯bers into the
intervertebral discs. The circular mesh pattern is employed for the intervertebral disc
to model the concentric rings of the annulus region. The annulus ¯bers that are
oriented at 30 can be restricted only under tension loading.18 For modeling of the
2230001-16
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(a)

(b)
Fig. 12. (a) Construction of the nucleus and annulus ¯brosus of an intervertebral disc and (b) representation of the disc structure in a functional spinal unit.

annulus ¯bers, the rebar element can be optionally employed. Also, to imitate the
collagen ¯bers, the truss element can be used.63
Bredbenner et al. de¯ned intervertebral discs as surface node sets that were
constructed onto the approximate regions on both superior and inferior vertebrae in
the cervical spine model, outlining the boundaries of the intervertebral disc.64 To get
a closed surface along the endplate surfaces, splines were constructed and ¯t for each
of the surfaces on adjacent endplates. In addition, the annulus ¯brosus region was
modeled with hexahedral elements and was considered to consist of three main
regions including anterior, posterior, and lateral parts. The nucleus pulposus of the
intervertebral disc was constructed with a °uid-¯lled membrane element. Anisotropic hyperelastic properties are used to represent the regions of the annulus
¯brosus.64
Unlike intervertebral discs, facet joints can be represented as rigid structures.
They can also be developed by manual segmentation. Figure 13 represents the facet
joint development through the adjacent vertebrae with the fascia mask.
2230001-17
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Fig. 13. Intervertebral discs and facet joints obtained after manual segmentation.

Similar to the other spinal components, various element types have been used for
facet joints. For instance, in a study, the facet joint cartilage was represented by
facet surfaces that were projected as surface triangles throughout the vertex normal.64 To increase the maximum joint contact without any interference with the
facet surface, a constant thickness value was used for each of the facet cartilage
elements. As well as ligaments, the facet joint capsules were also represented with
discrete spring elements in the models for the connection with the adjacent vertebrae.64
Additionally, interface gap elements (ABAQUS element type GAPUNI) can also
be used for modeling the facet joints to simulate the contact between the articulating
facets.28 The elements can be employed in the modeling process in two ways; the
nodes of the model can be connected as a gap close or the nodes can be separated as
an open gap in the modeling process.65
According to CT scan measurements, the faces have both convex and concave
sides.22,28 Three layers of hex elements were also used in another study for the
representation of facet cartilages with a gap of 0.1 mm.66 During the simulation
processes, the contact behavior of the facet articular surfaces was considered frictionless.4,30,59,66,67 For the cartilage formation, a 0.6 mm mesh was used to represent
the facet joints. A surface-to-surface contact element with a friction coe±cient of 0.1
was used in a study.54 In a di®erent study, with the same element type and friction
2230001-18
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coe±cient, facet joints were constructed as nonlinear 3D contact pairs to treat
their sliding behavior between vertebrae,11 since facet joints are considered that
they could transmit compressive forces with the same rigidity to the surrounding
bones.59,60
4.3. Modeling of the ligaments
The anatomical regions of the ligaments should be accurately selected for the correct
arrangement. The seven load-bearing soft tissues (the anterior and posterior longitudinal ligament (ALL, PLL), supraspinous and interspinous ligament (SSL, ISL),
intertransverse ligament (ITL), facet capsular ligament (FCL), and ligamentum
°avum (LFL)) passing through each functional spinal unit can be represented by
two-noded 3D nonlinear elements.14 Also, di®erent elements can be employed for
these structures such as two-node 3D truss elements.63
Ligaments could also be simulated with cord elements,5 10-node link elements,53
or tension-only spring elements with nonlinear elastic properties where the materials
are linear and homogeneous.54
Discrete spring elements were also used in several studies for FE modeling of the
ligaments.64,66 These spring structures allowed the connection of the nodes onto the
adjacent vertebrae throughout the spine. The attachment regions on the vertebrae
are set after the meshing process.
In an important study, Chazal et al. reported some biomechanical properties of 43
human spinal ligaments obtained from fresh cadavers and living subjects.14 Based on
this study, we represented the cross-sectional areas and lengths of the ligaments of
the spine in Table 2. According to this valuable information,14 accurate anatomical
segmentation of ligaments can be performed.
Figure 14 indicates the manual segmentation in modeling of the ligaments
(anterior, posterior, and interspinous ligaments and ligamentum °avum) in axial and
sagittal planes. Following this stage, the segmented regions are obtained as 3D parts.
4.4. Modeling of spinal implants
In recent years, as a result of the developments of material properties in spinal
instrumentation, deformity correction interventions have been progressively
improved.18,53–55,63,68,69
In the treatment of spinal injuries, various spinal implants have been used for
di®erent purposes. For example, pedicle screws and rods with an intervertebral cage
can be employed for posterior fusion operations to provide stability.69 The rigid rods
in the pedicular instrumentation can be made of stainless steel or titanium. At the
surgical treatment, screws and rods together increase the fusion rate.55 In addition,
dynamic ¯xation systems can also be used. Pedicle screw-based dynamic ¯xation
systems have been employed in various studies.68 This implant system has been
employed both for dynamic ¯xation purposes to maintain the joint motion and also
used as an adjunct for fusion operations.68
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Table 2. Cross-sectional areas and lengths of ligaments in the spine.14
Level

Cross-sectional area (mm2 )

Length (mm)

Anterior longitudinal ligament

C3–C4
T4–T5
T6–T7
T10–T11
L1–L2
L3–L4
L3–L4
L4–L5
L4–L5

13
36
30
25
44
70
74
74
66

6
5
6
7
11
13
12.5
12.5
12.5

Posterior longitudinal ligament

C2–C3
C7–T1
C7–T1
T4–T5
T12–L1
L1–L2
L2–L3
L2–L3
L2–L3
L3–L4

10
11
9
17
19
20
34
26
21
19

4.5
5
6
6
9.5
11.5
12.5
10.5
10.5
12.5

Ligamentum °avum

T4–T5
T5–T6
T6–T7
T7–T8
T8–T9
T10–T11
L3–L4

34
26
29
25
19
30
39

12.5
11.5
13
13
13
12
19

Supra and interspinal ligament

T1–T2
T2–T3
T4–T5
T7–T8
T8–T9
L3–L4
L3–L4
L4–L5
L4–L5
L4–L5
L4–L5
L4–L5
L5–S1
L5–S1

9
8
8
30
29
29
34
47
55
36
24
11
26
11

12
10.5
10
11
10
8
12
11.5
9
10
12
13
11.5
14

Intertransverse ligaments

T7–T8
T9–10

1.7
2

8.5
9

In Fig. 15(a), the CT image of the L2 vertebra before the surgical operation is
seen. The insertion of the screws through the pedicles is given in Fig. 15(b) and the
geometrical structure of the screws is represented in Fig. 15(c).
Table 3 shows several implant types and their material properties in the
literature.
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Fig. 14. Segmentation of the ligaments (anterior, posterior, and interspinous ligaments) from CT scans in
axial and sagittal planes, and the 3D view of the L2–L5 with the corresponding ligaments.

It is critical to determine the load distribution over the human vertebral column
during di®erent activities, especially in the patients subjected to spinal implantation
surgeries due to scoliosis. In addition, as a result of the determination of the load
distribution via 3D FE analysis, an appropriate posture of the trunk can be

Fig. 15. CT image of the L2 vertebra (a) from pre-operation and (b) post-operation stages and (c) spinal
pedicle screws that are inserted into in the surgery.
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Transforaminal lumbar
interbody fusion (TLIF)

Simultaneous double-rod
rotation technique
(SDRRT)

pedicular screws
Rods
Rods
Rods

Interbody cage
Screw

Abe et al.63

Galbusera et al.55

Lv et al.52

Bio°ex implant
Co®lex rivet model
Pedicle screw

Metal parts and deformable
rods pedicle
(Elaspine implant)

Pedicle screws

Implants properties

Gong et al.54

Zahaf et al.53

Research group

0.3
(pedicle screw)
(deformable sections)
0.49
0.3
0.3
0.3

(deformable sections)
600
113,000
113,000
113,000

4340
110,000

110,000
210,000
110,000
3500

105,000
(yield stress 900, yield strain
8:57  103 , hardening
coe±cient: 2.41 GPa)

0.4
0.3

0.3
0.3
0.3
0.3

0.3

deformable sections
0.49
(the Model B Dyne)

Deformable
Sections
600
(the Model B Dyne)
113,000
(pedicle screw)

145,000

Metal sections
0.34
(the Model B Dyne)

Metal sections
112,400
(the Model B Dyne)

Poisson's ratio

Implant types and material properties.

Modulus of elasticity (MPa)

Table 3.

PEEK, tetrahedral element
Titanium, tetrahedral element

Stainless steel
Titanium
PEEK

Titanium rod

Titanium

Titanium alloy
Titanium alloy
Titanium alloy (¯xation at the
lumbar segment)

Metal parts (titanium alloy),
deformable rods (polymer)

Metal sections titanium with elastic properties
Deformable sections (elastic
material-silicone)

Implant materials

S. Z. Akinci & Y. Ziya Arslan

2230001-23

Kim et al.72

Xu et al.

71

Nemade et al.70

Little et al.

50

Research group

110,000
110,000

Spinal rod

114,000

110,000

110,000

108,000
108,000

Modulus of elasticity (MPa)

Pedicle screws

Pedicle screws

Pedicle screws and tightening screws
Rods

Screws
Rods

Implants properties

Poisson's ratio

0.3

0.3

0.3

0.3 (density
¼ 4:43E  09 tones/mm3 )
0.3

0.3
0.3 (yield stress ¼ 390 MPa)

Table 3. (Continued )

Titanium alloy (20-node solid
element)
Titanium alloy (20-node solid
element)

Homogeneous and isotropic
materials

Linear elastic and isotropic

Linear elastic and isotropic

Linear elastic, titanium alloy
Linear elastic, perfectly plastic

Implant materials
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determined, thereby leading the researchers to prevent and evaluate the spinal disorders e®ectively.63
The pedicle screw ¯xation system consists of rods and pedicle screws. To represent
the pedicle screws, cylinders can be used. Also, the interface between the screw and
the bone can be assigned to be fully constrained. The pedicle screw ¯xation system
maintains the structure of supraspinous ligaments and interspinous ligaments. The
pedicle screws are inserted through the pedicles of the vertebrae bilaterally.53
In the study of Chen et al., the approach for creating a screw trajectory is
explained step-by-step.42 Firstly, they created a cylinder using the MEDCAD
module in Mimics software (Materialise's Interactive Medical Image Control System,
Belgium). They decided on the starting and ending points of the screw trajectory.
The simulation of the screw trajectory is adjusted in each plane (sagittal, coronal,
and axial) or 3D reconstructed object. After setting up the position of the screw
trajectory, the 3D model of the screw trajectory could be obtained. The radius, color,
length, and also preoperation angle of the simulated object could be adjusted at this
point for further studies.42
5. Conclusion
This paper provides a detailed review of the FE spine models and the spinal research.
A wide range of modeling techniques has been introduced throughout the study. The
anatomical features of the spine and the spinal components have been brie°y
explained. Besides, the development of the ¯nite element spine models has been
introduced including all the components of the spine including vertebrae, various
ligaments, facet joints, and intervertebral discs. We emphasized that the modeling
stages of the spine and the corresponding structures, and also the design of the spinal
instruments as a ¯nite element model, are crucial to obtain the correct FE models. In
order to correctly evaluate the biomechanical behavior of the spine under di®erent
loading and boundary conditions, an accurate computational model should be
inevitably constructed. We expect that this study will provide a complementary
perspective to researchers studying spinal biomechanics.
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