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Biomechanical Evaluation of Two Posterior Lumbar 
Intervertebral Fusion Surgical Scenarios Reinforced 
by a Rigid Posterior Fixation System in the Vertebral 
Column Analyzed by the Finite Element Method

Abstract
                         

Lumbar interbody fusion is a common procedure for treating lower back pain related to degenerative 
disc diseases, the following two scenarios of posterior lumbar interbody fusion cage (PLIF) were usu-
ally used, i.e., Model (I) posterior lumbar intersomatic fusion cage bilateral approach filled with bone 
graft (1) and (2), (Model II) PLIF with cage made of PEEK or titanium (Ti) materiel filled with bone 
graft. But the benefits or adverse effects among the two surgical scenarios were still not fully under-
stood. In this regard, we installed these discs between the two vertebrae L5 and S1 of the spine, to 
ensure spinal stability and avoid slipping, we have used a posterior attachment system (6 screws plus 
2 rods) at the pedicular levels of the lumbar vertebra (S1-L5, L5-L4). Finite element analysis (FEA), 
as an efficient tool for the analysis of lumbar diseases, was used to establish a three-dimensional 
nonlinear TH1-pelvic FE model (Intact Model) with the ligaments of solid elements. Then it was 
modified to simulate the two scenarios of PLIF. Two anterior bending moments (P2 and P3) with a P1 
compression loading were applied to the 3D model of the spine (TH1-pelvic), respectively. Different 
mechanical parameters were calculated to evaluate the differences among the three surgical models. 
The results of numerical values show that these disks played a very important role in the absorption of 
the stresses and to minimize, On the other hand, the lumbar inter-somatic cage (Model II) filled with 
cancellous bone is too great a role in reducing the stress compared to another synthetic (Model I) disc. 
In general, the new model of the inter-somatic cage filled with cancellous bone and reinforced by a 
posterior fixation system has given a lower level of stress in the cortical bone and the spongy bone of 
the lumbar vertebra (L5) compared to the healthy disk (D1). The findings provide theoretical basis for 
the choice of a suitable surgical scenario for different.
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Abbreviations: ALL = anterior longitudinal ligament; PLL = posterior longitudinal ligament; 
TL = transverse ligament; LF = ligamentum flavum; ISL = interspinous ligament; SSL = 
supraspinous ligament; CL = capsular ligament; SL = Sacrotuberous Ligament; SPL = Sacroiliac 
posterior Ligament; IL = Interosseous Ligament); AIB = autogenous iliac bone (AIB); PEEK = 
polyetheretherketone; ASD = adjacent segment degeneration (ASD); PLIF = posterior lumbar 
interbody fusion; DIV = disc intervertebral.

Introduction

The lumbar interbody fusion procedure is an 
effective and popular surgical technique for treating 
low back pain related to degenerative disc disease 
[1]. This procedure restores disc height, enlarges the 
stenotic foramen, stabilizes the spine, and provides 
mechanical strength between vertebrae. However, it has 
been argued that various spinal fusions restrain motion 
at the surgical level. This local environmental change 
at the surgical level results in high stress at the adjacent 
disc levels and accelerates degeneration. Patients 
may need to undergo another surgery for extended 
fusion at the adjacent levels. Clinical studies have 
reported incidence rates ranging from 6% to 58% [2-5]. 
Therefore, a non-fusion artificial disc was developed 
to solve the adjacent segment problems. The aims of 
posterior lumbar interbody fusion (PLIF) procedure 
using cages or bone grafts are to provide stability of 
the motion segment and to facilitate the fusion process. 
After about 60 years of development  and update, the 
surgical scenarios with cages or  autogenous iliac bone 
(AIB) have been widely used.

The PLIF with AIB provided high fusion rate 
because the AIB was histo-compatible and non-
immunogenic [1, 2]. However, several studies reported 
the major complications of this surgical method with 
a wide range of incidence varying between 1% and 
39%, such as collapse, retropulsion of the grafted bone, 
and pseudoarthrosis [3-6]. To resolve such problems, 
the PLIF with cages was designed in 1991 [7]. The 
advantage of this surgical scenario was that the cages 

separated the mechanical and biologic functions of 
the PLIF. Many studies reported that the PLIF with 
cages could provide satisfactory clinical results [8-
10]. However, this surgical scenario produced   new 
problems such as adjacent segment degeneration 
(ASD), fine motion and mote of cages, and implants 
damage [11, 12].

Recently, with the development of material 
industry, polyetheretherketone (PEEK) aroused wide 
concern. Previous studies showed that PEEK was non-
resorbable and elicited minimal cellular response, 
intracutaneous, and intramuscular toxicity [13, 14]. 
Both the in vitro and finite element (FE) studies 
showed that the implants made of PEEK material 
provided good experimental and clinical performances 
[15-20].

The finite element method, as an essential 
complement for the in vitro biomechanical studies, 
has been widely used for the study of lumbar spine 
[9-12, 20-22]. However, the major deficiency of FE 
model of lumbar spine was the simplification of both 
the anatomic structures and material properties of 
ligaments.

Although the influences of fusion rate, and ASD  
on the range of motion, stiffness, flexibility of lumbar 
spine following the PLIF procedure with AIB and  
PLIF with cages made of PEEK or Ti materiel have 
been investigated using FE method, respectively. To 
our knowledge, there are few studies evaluating the 
benefits or adverse effects among these three surgical 
scenarios using the model contained ligaments of three 
dimensional (3D) solid elements. 

The aim of this study was to comparatively 
investigate the differences among two types of fusion 
construct, which may provide the oretical basis for 
the choice of a suitable surgical scenario for different 
patients. On the other hand, I studied in this article 
a 3D model of the spine implanted by two models 
of the lumbar intersommatic cage innovative by 
specialists in the biomechanical field (Zhitao Xiao, 
Wang Liya, He Gong and Dong Zhu in 2012), some 
of the biomechanics researchers and we have installed Fig. 1  Posterior lumbar interbody fusion (PLIF).
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these discs between the two vertebrae L5 and S1 of the 
spine, to ensure spinal stability and avoid slipping, we 
installed a posterior attachment system (6 screws plus 
2 rods) at the pedicular levels of the lumbar vertebra 
(S1-L5, L5-L4). For the boundary condition, The 
overall mass (Head, Neck, Arm (left + right), Forearm 
(left + right), hand (left + right)) is 13.4517 kg to 
divided by the top surface of the thoracic vertebrae 
TH1 representing the pressure P1, P2 load represents 
the mass of the body superior Trunk is 12.768 kg, the 
distance between the point of application of the load 
and axis (yy') is 200 mm. The total mass of the lower 
trunk of the human body is equal to 22 kg; represented 
by P3, the distance between the point of application of 
the load and the axis (yy') is 250 mm. For the boundary 
conditions we fixed the basin (Embedding the basin). It 
is for this technique that we have used finite elements 
in three dimensions and using the software ANSYS to 
know the extent of the realization of these cages under 
the influence of the load applied to them. 

Experimental
In the present study three FE models of  spine are 

constructed: The first model is of an intact lumbar-
thoracic spine; The second model consists of two 
bilateral inter-somatic lumbar cages (PEEK) filled by 
the graft bone implanted between the two segments 
(S1-L5), The third model consists of a single lumbar 
inter-somatic cage (PEEK) filled by the graft bone 
implanted between the two segments (S1-L5), The 
two models are shown in Fig. 5 and Fig. 9, The two 
implanted models are reinforced by two rods fixed 
by sex screws (pediculars) at the level of the lumbar 
vertebrae (S1-L5, L5-L4).

FE model of the intact spine (INT Model) 
A 3D nonlinear FE model of TH1-S1 segment that 

consisted of five lumbar vertebral bodies, twelves 
thoracic vertebral bodies, one sacral vertebra, 
one pelvis, seventeen annulus fibrosus, seventeen 
nucleus pulposus, and one hundred and twenty-seven 
spinal ligaments was developed using MIMICS and 
Solidworks 2016 software. Geometrical details of all 
the parts in the model were obtained from computed 
tomography (CT) images with a slice distance of 2.5 
mm (512 × 512 resolution, 8-bit, and a pixel size of 0.91 
mm) of a 23-year old male volunteer. CT data were 
imported into MIMICS software to establish seventeen 
vertebral bodies, one pelvis, seventeen annulus fibrosus 
(ANN) and seventeen nucleus pulposus (NUC), which 

was shown in Fig. 2.

The material properties of the INT model are listed 
in Table 1 and were chosen from previous studies [23-
41]. A ten-node solid element type (Solid187) was 
used for modeling the cortical bone, cancellous bone, 

Fig. 2  Spine studied. (a) Lateral (left) view; (b) Dorsal view; (c) 
Front view; (d) Lateral (right) view.
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Fig. 3  3D modeling thoracic vertebra L3, D4 disc of the lumbar 
spine (SOLIDWORKS 2016).
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endplate, and annulus fibrosus. Cortical bone and 

cancellous bone were assumed to be homogeneous and 
isotropic [23-28]. 

The intervertebral disc consisted of annulus ground 
substance and nucleus pulposus, which embeds 
collagen fibers in the ground substance. The non-linear 
annulus ground substance was simulated by using an 
isotropic and simulated by ten-node solid element, 
type (Solid187) [24-30], All ten ligaments (Anterior 
Longitudinal Ligament, Posterior Longitudinal 
Ligament, Ligamentum Flavum, Intertransverse 
Ligament, Inter-Spinous Ligament, Supra-Spinous 
Ligament,  Capsular Ligament,  Sacrotuberous 

Fig. 5  Lumbar intersomatic fusion cage bilateral approach [42-45]. (a) Isometric perspective assembly; (b) Sectional assembly; (c) 
Exploded view.
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Fig. 6  Definition drawing of the lumbar intersomatic fusion cage bilateral approach [42-45]. (a) Intersomatic cage made of PEEK; (b) 
Bone graft (2); (c) Bone graft (1).
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Ligament, Sacroiliac posterior Ligament, Interosseous 
Ligament) are simulated by tetrahedral elements, type 
(Solid187) conforming to defined parametric surfaces 
interfaces and they were arranged in the anatomical 
direction given by the text book [30]; the cross-
sectional area of each ligament was obtained from 
previous studies [36-41]. 

The selection of constitutive equations of the 
vertebral bone is defined as the part of the bone which 

carries the inter vertebral disc, composed of cortical 
bone, cancellous bone, the posterior arch, with a 
Young’s modulus of about 12000 MPa. It is well 
known that cortical bone has better load capacity than 
the cancellous bone. The magnitudes of 100 MPa 
(cancellous respectively) were observed in all studies 
by various researchers. Since physiologically the 
nucleus is fluid filled, the elements were assigned low 
stiffness values (1 MPa) and near incompressibility 

Fig. 8  Replacement of lumbar intersomatic fusion cage bilateral approach [42-45].
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Fig. 9  Lumbar intersomatic fusion cage [42-44, 46]. (a) Sectional exploded view; (b) Isometric perspective assembly; (c) Sectional 
assembly.

Fig. 10  Definition drawing of the lumbar intersomatic fusion cage [42-44, 46]. (a) Graft bone; (b) Intersomatic cage made of PEEK.
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properties (Poisson’s ratio of 0.499). Biologically, the 
annulus fibrosus is comprised of layers of collagen 
fibers, which attributes to its non-homogenous 
characteristics. However, due to limitations in 
modeling abilities, in this study the annulus fibrosus 
was defined as a homogenous structure with a 
magnitude of 4.2 MPa.

FE model of the PLIF Model (I)

To simulate the PLIF model (I), the S1-L5 level of 
the INT model underwent laminectomy and partial 
discectomy, which included removal of supraspinous, 
interspinous, and flavum ligaments; then, bilateral 
PEEK alloy cages (10 mm × 14 mm × 25 mm) with 
pedicle screw fixation were inserted in this model (Fig. 
7), six pedicle screws (r = 3 mm) and two rods (r = 
2.5 mm) are simulated by tetrahedral elements, type 
(Solid187). The beam element was designed as a full 
constraint between the pedicle screws and vertebrae. 

Two PEEK cages are placed between the vertebral 
bodies (S1-L5), and the bone–cage interface was 
modeled through surface-to-surface contact elements 
that were able to transmit compression forces, but not 
tension. The small teeth on the cage were neglected in 
our simulation; however, The PLIF model consists of 
148,178 elements and 174,617 nodes (Fig. 16).

FE model of the PLIF Model (II)

To simulate the PLIF model (II), the S1-L5 level 
of the INT model underwent laminectomy and partial 
discectomy, which included removal of supraspinous, 
interspinous, and flavum ligaments; then, PEEK alloy 
cage with pedicle screw fixation were inserted (Fig. 
11). In this model, six pedicle screws (r = 3 mm) and 
two rods (r = 2.5 mm) were modeled by tetrahedral 
elements, type (Solid187). The beam element was 

designed as a full constraint between the pedicle screws 
and vertebrae. One PEEK cage was placed between the 
vertebral bodies (S1-L5), and the bone cage interface 
was modeled through surface-to-surface contact 
elements that were able to transmit compression forces, 
but not tension. The small teeth on the cage were 
neglected in our simulation; however, The PLIF model 
consists of 386,641elements and 444,788 nods) (Fig. 
17).

FE model of bilateral pedicle screw fixation 
implanted into the S1-L5 segment (Pedicle 
screw fixation Model (III))

This model was a defect model implanted with 
pedicle screw fixation at the segment (S1-L5, L5-L4). 
The difference between the pedicle screw fixation 
model and the abovementioned implantation models 
was that the pedicle screw fixation model preserved 
the supraspinous ligaments and interspinous ligaments 
(Fig. 12). The pedicle screw fixation consisted of 
two rods (diameter, 5 mm) and six pedicle screws 
(diameter, 6 mm). The pedicle screws were inserted 
through the pedicles of the S1 and L5 vertebrae 
bilaterally. The pedicle screws were simplified as 
cylinders. The screw-bone interfaces were assigned to 

Fig. 11  Replacement of lumbar intersomatic fusion cage bilateral approach [42-44, 46].
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Fig. 12  Posterior lumbar fixation system [43]. (a) Front view; (b) 
Left view; (c) Dorsal view.
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be fully constrained. The material used for the pedicle 
screws was Ti-6Al-4V. Young’s modulus and Poisson’s 
ratio were assigned to be 110 GPa and 0.3, respectively 
for the PLIF Model (I) (Table 2). The material used for 
the pedicle screws was Ti-6Al-4V. Young’s modulus 
and Poisson’s ratio were assigned to be 104 GPa and 
0.3, respectively for the PLIF Model (II) (Table 2).

Each of the component parts of the final geometric 
model is meshed independently. An automatic meshing 
process is used in vertebrae, and a manual meshing 
is applied to intervertebral discs (nucleus pulposus, 
annulus fibrous and fibers embedded in it) and the 
various ligaments. The complete model (Fig. 15) 
consists of 117,8694 elements and 200,5025 nodes 
(528,651 degrees of freedom). 

The cortical  bone have been modeled with 
tetrahedral elements (644,583 elements) and the 
cancellous bone  have been modeled with tetrahedral 
elements (244,460 elements), All the different 
ligaments (ALL, PLL, FL, TL, ISL, SSL, CL, STL, 
SPL, IL) were modeled with tetrahedral elements 

(24469, 6607, 13446, 131648, 13158, 8279, 27072, 
10128, 3280, 8306 elements) and the posterior bone 
was modeled with tetrahedral elements (132,464 
elements), the nucleus pulposus in the fibrous annulus 
have been modeled with tetrahedral elements (114,036 
elements), and the six  annulus fibrosus (AF) were 
modeled with tetrahedral elements (244,800 elements) 
correspond to wedge type elements for geometric 
adaptation in different areas of the model, the cartilage 
endplates have been modeled with tetrahedral elements 
(87,710 elements).

All elements are of linear approximation. The 
final number of elements in the whole model was 
obtained after a sensitivity analysis. To this respect a 
mesh refinement was performed in order to achieve 
a convergence towards a minimum of the potential 
energy, both for the whole model and for each of 
its components, with a tolerance of 1% between 
consecutive meshes. 

Fig. 15 shows a detail of the finite element model 
of S1-TH1 vertebral disc. In order to simulate the 

Fig. 13  Definition drawing of the posterior lumbar fixation system [43]. (a) Pedicle screw; (b) Rod; (c) Belt.
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connection between the different elements of the 
model, several groups of boundary conditions were 
considered: contact conditions between apophyses, join 
conditions in the various insertions of ligaments, and 
join conditions between vertebrae and intervertebral 

discs. Immobilization of the base of the basin is 
imposed as a support condition (Fig. 18). 

The meshing of the components is simple and 
consists of 10-node tetrahedral linear elements (Fig. 
16 and 17). Since the posterior attachment system with 

Fig. 15  Spine 3D finite element modeling (ANSYS 16.2).

Y

Z X

Table 1  Material properties used in the FE model

Material Young modulus E (MPa) Poisson coefficient References

Cortical bone 12000 0.3 [23-28]

Cancellous bone 100 0.2 [23-28]

Posterior bone 3500 0.25 [23-28]

Cartilage endplates 12000 0.3 [24-30]

Annulus fibrosus 4.2 0.45 [24-30]

Nucleus pulposus 1 0.499 [24-30]

Anterior longitudinal ligament 20 0.3 [36-41]

Posterior longitudinal ligament 20 0.3 [36-41]

Ligamentum flavum 19.50 0.3 [36-41]

Intertransverse ligament 58.7 0.3 [36-41]

Inter-Spinous ligament 11.6 0.3 [35-40]

Supra-Spinous ligament 15 0.3 [35-40]

Capsular ligament 32.9 0.3 [35-40]

The basin 12000 0.3 [41]

Sacrotuberous ligament 40 0.3 [41]

Sacroiliac posterior ligament 40 0.3 [41]

Interosseouse ligament 40 0.3 [41]

Table 2  Summary of the components and their mechanical behaviour for the two posterior fusion systems

Type of prosthesis Component (materials) Young modulus E (MPa) Poisson coefficient References

Two lumbar intersomatic 
cages bilateral approach
with bone Grafton [45].

Bone grafton 100 0.2 [42]

Two lumbar intersomatic cages bilateral approach (PEEK) 3500 0.3 [44]

(6 pedicular screws plus 2 rods, belt) titanium 110000 0.3 [43]

One lumbar intersomatic
cage with bone Grafton [46].

One Lumbar Intersomatic Cage (PEEK) 3500 0.3 [44]

Bone Grafton 100 0.2 [42]

(6 Pedicular screws plus 2 rods, belt) titanium 104000 0.3 [43]
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the lumbar inter-somatic cage experiences the greatest 
stresses and strains under eccentric loading, it is 
necessary to mesh this component into small elements 
(Fig. 16 and 17) in order to ensure optimum accuracy 
in the calculations. Fig. 16 shows that the bilateral 
lumbar intersomatic cage (Model I) consists (34,142 
elements, 54,500 nodes) and the three grafton bones 
(114,036 elements, 120,117 nods). Fig. 17 shows that 
the meshing of the cage intersomatic lumbar (Model 
II) consists (33,191 elements, 51,273 nods) and the 
grafton bone (55740 elements, 79,699 nods).

Boundary and loading conditions

The diagram (Fig. 18) represents a 3D model of 
the vertebral column of a normal person implanted 

by one or two cages in the DIV (D1) and then placing 
rods fixed by six screws (pedicular) at the level of 
the pedicles. The overall mass (Head, Neck, Arm 
(left + right), Forearm (left + right), hand (left + 
right)) is 13,4517 kg to divided by the top surface of 
the thoracic vertebrae Th1 representing the pressure 
P1, P2 load represents the mass of the body superior 
Trunk is 12,768 kg, the distance between the point of 
application of the load and axis (yy') is 200 mm. The 
total mass of the lower trunk of the human body is 
equal to 22 kg; represented by P3, the distance between 
the point of application of the load and the axis (yy') 
is 250 mm. For the boundary conditions we fixed the 
sacrum (Embedding the sacrum) (Fig. 18). We propose 
in this section to draw up a comprehensive study of 

Fig. 16  Finite element model of the lumbar intersomatic fusion cage bilateral approach with bone graft [40].

Fig. 17  Finite element model of the lumbar intersomatic fusion cage with bone graft [41].

Fig. 18  Model biomechanics of the spine (anterior loading).
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the distributions of stresses and elastic strain in the 
intervertebral discs, the cortical bone, cancellous bone, 
the posterior arch, anterior longitudinal ligament and 
posterior according to the supported loads Distributions 
of global stress state for each component of our model 
were presented. A quantitative analysis was performed 
based on a scale of progressive visual colors predefined 
by the software used (ANSYS Workbench 16.5), 
ranging from dark blue to red.

Results and Discussion
Biomechanical analysis of three FE 
models
Stress and strain of Von Mises in the DIV 

(Intact Model, Model I, Model II)

Fig. 19 shows clearly that the anterior load affects 
the disk D1, D15 and D16 is the three most sought 
discs compared to other drives in the thoracic lumbar 
spine. A load applied to the upper surface of the TH1 
thoracic vertebra of the spinal column causes a high 
concentration of maximum Von Mises stresses in the 
anterior portion of the two components of the disc 
D1 (N1, D1) (red section) this is mentioned in Fig. 
20. Moreover, the Von Mises stresses and strains are 
minimal in the following intervertebral discs (D2, D3, 
D4, D5, D6, D7, D8, D9, D10, D11, D12, D13, and 
D14), see Fig. 19.

Fig. 19 shows the Von Mises strain histogram in the 

Fig. 19  Histogram of stresses and strains in the DIV for a normal person.
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inter vertebral discs for a normal person load 13.25 kg. 
We note that the Von Mises strains values are highest 
in the three discs D1, D15 and D16 outline in red; this 
is mentioned in Fig. 20. Fig. 20 shows that the anterior 
loading of a normal person presents a maximum 
stresses and strains of Von Mises concentrated in 
the intervertebral disc D1, that is to say between the 
sacrum and the lumbar vertebrate L5, On the other 
hand, Fig. 20 clearly shows that the anterior loading 
with a lever arm equal to 250 mm presents maximum 
Von Mises stresses and strains concentrated in the disk 
D1 and are equal to (13.485 MPa, 3.3539).

We notice in the Fig. 21 that the mixed loading 

(compression P1 + bending moment (P3)) present a 
contour of the maximum stresses part red in the disk 
D1 and we see in this figure the front part of the disk 
D1 compressed and The other part tension. We note in 
Fig. 21 that the disc degeneration often begins after an 
asymptomatic phase dehydration through cracks, tears 
in the annulus fibrosis of the disc D1.

The nucleus N1 can then, along these cracks, 
migrate into the thickness of the ring D1 and cause 
pain of the lumbar, acute or chronic. If it moves even 
more through the ring, the core N1 can protrude at 
the posterior face of the disc D1, forming a DISCAL 
HERNIA. 

Max

Min

Anterior

Posterior

Von Mises Strain (D1).

Anterior

Posterior

Von Mises Stress (D1).

Anterior

Posterior

Von Mises Stress (N1).

Anterior

Posterior

Von Mises Strain (N1).

Fig. 20  Distribution of stresses and strains in the DIV D1 for normal person.

Fig. 21 Disc herniation: (a) Disc protrusion; (b) Nerve root compression; (c) Extrusion.

N1: nucleus pulposus

D1: annulus fibrosus

Nerve root compression

Disc tear

(a)

(b)

(c)

Bulging disc

Tension Compression

N1

D1
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This hernia can, through a complete rupture of the 
annulus, migrate into the vertebral canal laterally, or 
upwards, or downwards, and even excludes when 
exiting the disc. This disc herniation can compress, 
“pinch”, one or more nerve roots near the disc.

It is the cause of symptoms: “sciatica” when the 
pain sits behind the thigh, or “cruralgia” when the 
pain sits in front of the thigh. It comprises variably 
pain in the lower limbs, tingling sensations or tingling 
(paresthesia), sensations of perturbation of sensitivity 
(dysesthesia), up to anesthesia, which may include 
anesthesia, motor disorders (loss of muscular strength 
or partial or complete paralysis of part of the lower 
limb), as shown in Fig. 21.

Fig. 22 shows a histogram of the maximum 
stresses and strains equivalent in the intervertebral 
discs. we notice that the spine undergoes a maximum 
concentration of stresses in the lumbar region, on 
the other hand the stresses equivalent in the two 
intervertebral discs at the segment (S1-L5) are 
equal respectively to (94.697 MPa, 13.485 MPa), as 
mentioned in Fig. 23. A loading applied to the upper 
surface of the thoracic vertebra TH1 of the spine 
causes a high concentration of the maximum strains of 
Von Mises in the anterior part of the intact disk D1 (red 
part) (Fig. 23). On the other hand, Fig. 23 shows that 
the two discs inserted between the two segments (S1-
L5) absorbed maximum strains of Von Mises equal to 

Fig. 22  Histogram of stresses and strains in the DIV (Model I).
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(0.0524, 3.3539) with respect to the other discs of the 
spine.

Fig. 24 shows the distribution of maximal stresses 
and strains in the components of the lumbar inter-
somatic fusion cage bilateral approach that are equal 
to (94.697 MPa, 2.6469 MPa, 4.1597 MPa) (0.0297, 
0.0524, 0.0491) contour in red, Since the replacement 
of the second lumbar interbody cage plays a very 
important role in reducing stress and aim to provide 
spinal stability (Fig. 24).

Fig. 25 shows a histogram of the maximum 

stresses and strains equivalent in the intervertebral 
discs. we notice that the spine undergoes a maximum 
concentration of stresses in the lumbar region, on other 
hand, the stresses equivalent in the two intervertebral 
discs (Natural, Artificial) at the segment (S1-L5) are 
equal respectively to (22.354 MPa, 13.485 MPa), as 
mentioned in Fig. 26. A loading applied to the upper 
surface of the thoracic vertebra TH1 of the spine 
causes a high concentration of the maximum strains of 
Von Mises in the anterior part of the intact disk D1 (red 
part) (Fig. 26). On the other hand, Fig. 26 shows that 
the two disks inserted between the two segments (S1-

Fig. 23  Distributions of stresses and strains of Von Mises in the DIV of spine. (a) Spinal fusion cage (Model I); (b) Natural disc.

Von Mises Stress (Model I).

Von Mises Strain (Model I).

(a) (b)

Von Mises Stress (D1).

Anterior

Posterior

Von Mises Strain (D1).

Anterior

 

Posterior

Fig. 24  Distribution of maximum stresses and strains of Von Mises in the lumbar intersomatic fusion cage bilateral approach (Model I).

Von Mises strain (intersomatic cage PEEK).

Von Mises Stress (Grafton bone (3)).

Von Mises strain (Grafton bone (3)).

Von Mises Stress (intersomatic cage PEEK). Von Mises Stress (Grafton bone (1) and (2)).

Von Mises strain (Grafton bone (1) and (2)).
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L5) absorb maximum strains of Von Mises equal to 
(0.0064, 3.3539) with respect to the other discs of the 
spine.

Fig. 27 illustrates the distribution of maximal 
stresses and strains in the components of the lumbar 
inter-somatic fusion cage (Model II) that are equal to 
(0.5136 MPa, 22.354 MPa) (0.0051, 0.0064) contour 
in red, Since the replacement of the second lumbar 
interbody cage plays a very important role in reducing 
stress and aim to provide spinal stability (Fig. 27).

We see in Fig. 24 the replacement of artificial disc 
(Model I) shows that the distribution of maximal 
stresses and strains in the components of the lumbar 
inter-somatic fusion cage bilateral approach that are 

equal to (94.697 MPa, 2.6469 MPa, 4.1597 MPa) 
(0.0297, 0.0524, 0.0491) contour in red.

On the other hand, Fig. 27 illustrates the distribution 
of maximal stresses and strains in the components 
of the lumbar inter-somatic fusion cage (Model II) 
that are equal to (0.5136 MPa, 22.354 MPa) (0.0051, 
0.0064) contour in red, Since the replacement of the 
second lumbar inter body cage plays a very important 
role in reducing stress. in other words, Fig. 27 clearly 
shows that the anterior loading with a lever arm equal 
to 250 mm presents maximum Von Mises stresses 
and strains concentrated in the disc intact D1 and are 
equal to (13.485 MPa, 3.3539). We notice in Fig. 27 
that the mixed loading (compression P1 + bending 

Fig. 25  Histogram of stresses and strains in the DIV (Model II).
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moment (P3)) present a contour of the maximum 
stresses part red in the disc D1 and we see in this figure 
the front part of the disc D1 compressed and the other 
part tension. In particular, the lumbar inter-somatic 
cage filled with spongy bone is too great a role in the 
reduction of the stress compared to another spinal 
fusion cage (Model II). 

Contour of maximum stresses and strains of 
Von Mises in the model of bilateral pedicle 
screw fixation implanted into the S1-L5 
segment (Pedicle screw fixation Model (III))

Fig. 28 shows that the two EF model with pedicle 
screws inserted in the two segments (S1-L5, L3-L4). 
The two instrumented models were subjected to a 

compression load P1 with two bending moments P2, 
P3 on a single physiological plane. The results show 
that the maximum Von Mises stresses and strains in 
the posterior fixation system are equal to (1020.1 
MPa, 1665 MPa, 0.0198, 0.01659) contour in red, we 
conclude that the implantation of the pedicular screws 
can ensure the stability of all the movements and can 
reconstruct the posterior vertebral structure for the 
sharing of the loads in order to reduce the annular 
stress of the surgical segment.

Contour of maximum stresses and strains of 
Von Mises in the cortical and spongy bone

A load applied to the upper surface of the 
thoracic vertebra TH1 of the spine results in a high 

Fig. 26  Distributions of stresses and strains of Von Mises in the DIV of spine. (a) Spinal fusion cage (Model II); (b) Natural disc.

Fig. 27  Distribution of maximum stresses and strains of Von Mises in the lumbar intersomatic fusion cage (Model II).
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concentration of maximum stresses and normal strains 
in the anterior and posterior part of the cortical bone 
(L5) (part in red) as shown in Fig. 29. On the other 
hand, Fig. 29 shows that the maximum of Von Mises 
stresses and strains in the cortical bone (L5) are equal 
to (163.38 MPa, 54.575 MPa, 35.129 MPa) (0.0137, 
0.0045, 0.0030) respectively to the other components 
of the spine system. 

Fig. 30 shows that the implantation of the lumbar 
intersomatic cages with the six pedicle screw system 

inserted between the sacrum and the vertebra (L5) 
and simulated by the finite element method confirms 
a reduction of the equivalent stresses in the cancellous 
bone (L5) and decreased strains in said vertebra. We 
note in Fig. 30, the stresses and strains of Von Mises in 
the cancellous bone (L5) is decreased to (1.1891 MPa, 
0.6034 MPa) (0.0122, 0.0062) this justifies that the 
two intersomatic lumbar models reinforced by a rigid 
posterior fixation system plays a very important role in 
stabilizing the movement of the spine.

Von Mises strain (PFS).

(a) (b)

Von Mises strain (PFS).

Von Mises Stress (PFS). Von Mises Stress (PFS).

Fig. 28  Distribution of maximum stresses and strains in the posterior fixation system. (a) Spinal fusion cage (Model I); (b) Spinal 
fusion cage (Model II).
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Fig. 29  Distribution of maximum stresses and strains in the cortical bone (L5). (a) Model Intact; (b) Spinal fusion cage (Model I); (c) 
Spinal fusion cage (Model II).
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Contour of maximum stresses and strains of 
Von Mises in the basin and sacrum

Fig. 31 shows the distribution of maximum Von 
Mises stresses and strains in the basin and sacrum of 
different models.

Comparison of three cases

Finite element analysis (FEA) is a sophisticated 
simulation method, and also an effective tool 
for elucidating biomechanics in the spine. In the 
biomechanical evaluations based on FEA, it is 
important to establish a model that can accurately 
reproduce the mechanical property of each part. 
Establishing such a model requires accurate data on 
anatomic structures and material properties [13].

However, since ligaments show complicated  
material properties and large deformation, it is difficult 
to establish an accurate model of ligaments in FEA. 
Many researchers used two-dimensional tension-
only truss or cable elements to describe the function 
of ligaments [11, 13, 22, 26, and 29]. In the present  
study,  the surrounding ligaments (anterior longitudinal 
ligament, posterior longitudinal ligament, ligamentum 
flavum, inter-transverse ligament, interspinous 
ligament, supraspinous ligament, capsular ligament, 
sacrotuberous ligament, posterior sacroiliac ligament 
and interosseous ligament) were modeled with  three-
dimensional  solid and 10-node tetrahedral elements, 

type (Solid187) conforming to defined parametric 
surface interfaces. 

The material properties of ligaments were simulated 
by linear-elastic based on the experimental data. The 
validated results indicated that the model established in 
this study could effectively reproduce the mechanical 
behaviors of TH1-S1 thorcic-lumbar segment.

In addition, another advantage of the model 
established in this study was that it could directly 
obtain the stresses and strains of the spinal fusion cage 
(Model I, Model II). The intensive discussions among 
the two surgical scenarios were shown below.

Stresses of the adjacent intervertebral discs
Both the postoperative following-up and bio-

mechanical studies showed that the PLIF accelerated 
degeneration of adjacent segment and segmental 
instability [11]. The FE results  showed  that  great  
changes  were  found  in  the stresses  on the discs 
proximally adjacent  to the fusion segment. These great 
changes in discs could be used to interpret the clinical 
findings of early degeneration of adjacent disc [12]. 

Implantation of the interbody lumbar cage (Model 
I) between the two segments (TH1-S1) shows an 
increase of the maximum stresses and deformations 
of Von Mises on the adjacent intervertebral discs (D2, 
D3, D4, D5, D6, D7, D8, D9, D10, D11, D12, D12, 
D13, D14, D15, D16, D17) during the applied loading, 
see Fig. 32. On the other hand, the implantation of the 

Fig. 30  Distribution of maximum stresses and strains in the cancellous bone (L5). (a) Model Intact; (b) Spinal fusion cage (Model I); 
(c) Spinal fusion cage (Model II).
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lumbar fusion cage (Model II) between the sacrum 
and the lumbar vertebra L5 gives minimal stresses and 
deformations of Von Mises on the intervertebral discs 
(D2, D3, D4, D5, D6, D7, D8, D9, D10, D11, D12, 
D12, D13, D14, D15, D16, D17) by providing the 
surgical model (Model I). This result showed that the 
surgical method using (Model II) could decrease the 
risk of degeneration of adjacent fusion discs.

The ultimate purpose of the PLIF was to complete 
bone graft fusion, restoring the height of intervertebral 
space and finally achieving long-term stability of the 
lumbar spine. Therefore, the fusion rate of the bone 
grafts was the key point of the surgery, and it was 
also the issue that our study focused on.  According to 
Wolff’s Law, bone can change its structure according 

to its mechanical environment. So the stresses on grafts 
may be used to predict the long-term fusion rate [20].

The contours of Von Mises stress and strain on 
the bone grafts Model I have been shown in Fig. 25. 
We can see that the stresses and deformations of Von 
Mises for the bone grafts (1), (2) and (3) are mainly 
concentrated on the anterior and posterior surface of 
the grafts, whereas the stresses do not traversed the 
central part of the graft (Fig. 25). On the other hand, in 
Model I the two fusion cages lumbar intersommatique 
bilateral approach absorbed maximum Von Mises 
stresses which are equal to 94.697 MPa contribution 
by the other components of the lumbar fusion cage 
Model II (Fig. 25). Fig. 27 shows that the stresses and 
strains of Von Mises for the bone grafts (1), (2) and (3) 

Fig. 31  Distribution of maximum stresses and strains in the basin and sacrum. (a) Disc Intact; (b) Spinal fusion cage (Model I); (c) 
Spinal fusion cage (Model II).
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are mainly concentrated on the anterior and posterior 
surface of the grafts, whereas the stresses do not 
traversed the central part of the graft (Fig. 25).

Implantation of the lumbar interbody somatic Model 
II between the lumbar vertebra L5 and the sacrum 
indicated a contours of the maximum stresses and 
deformations of Von Mises on the two components 
(graft bone, PEEK cage) were represented on Fig. 
27. It can be seen that the stress of Model II focus 
mainly on the lower or upper surface of the graft bone, 
whereas the stresses do not cross the central part of the 
graft. On the other hand, the stress distribution in both 
models I and II was more extensive (Fig. 24 and 27), 
which can facilitate the fusion of the grafts to the end 
plate and improve the efficiency of the fusion of bone 

grafts.

We note in Fig. 32 the Von Mises stresses reached a 
maximum value concentrated in the intervertebral disc 
(D1). We notice that the spine undergoes a maximum 
concentration of stresses in the lumbar region, on 
other hand the stresses in the two spinal fusion cages 
(Model I, Model II) at the segment (S1-L5) are 
equal respectively to (94.697 MPa, 22.354 MPa) as 
mentioned in Fig. 23 and 26.

On the other hand, Fig. 32 shows that the two spinal 
fusion cages inserted between the two segments (S1-
L5) absorbed maximum strains of Von Mises equal 
to (0.0524, 0.0064) with respect to the other discs of 
the spine. A compression load P1 plus two bending 
moments (P2, P3) shows the maximum stresses and 

Fig. 32  Histogram of stresses and strains of Von Mises in the two lumbar intersomatic cages.

100

80

60

40

20

0

M
ax

im
um

 v
on

 m
is

es
 st

re
ss

 (M
Pa

)

DA D2 D3 D4 D5 D6 D7 D8 D9
Intervertebral discs.

D10D11D12D13D14D15D16D17

12

10

8

6

4

2

0

M
ax

im
um

 v
on

 m
is

es
 st

ra
in

 (m
m

/m
m

)

DA D2 D3 D4 D5 D6 D7 D8 D9
Intervertebral discs.

D10 D11 D12 D13 D14 D15 D16 D17

Intact model
Spinal fusion cage (Model I)
Spinal fusion cage (Model II)

Intact model
Spinal fusion cage (Model I)
Spinal fusion cage (Model II)



277Nano Biomed. Eng., 2018, Vol. 10, Iss. 3

http://www.nanobe.org

strains equivalent in the intervertebral disc (D1). We 
see that the spine undergoes a maximum concentration 
of stresses in the lumbar region, on the other hand 
the equivalent stresses in the disc intact (D1) at the 
segment (S1-L5) are equal respectively to (13.485 
MPa), as mentioned in Fig. 26. In particular, the 
lumbar inter-somatic cage filled with spongy bone is 
too great a role in the reduction of the stress compared 
to another synthetic disc (model intact). In general, the 
new model of the lumbar inter-somatic cage filled with 
spongy bone and reinforced by a posterior attachment 
system. It has given the lowest level of stresses at the 
level of the vertebra (L5) compared by natural disc and 
aim to provide spinal stability. 

Conclusions 

The finite element method (FEM) is a very precise 
technique used to analyze structural stresses. With 
its application in engineering, this method can solve 
many equations to calculate the stresses based on the 
mechanical properties of the structures being analyzed 
[49, 50]. FEM has many advantages highlighted by 
the possibility of including the heterogeneity and 
irregularity of the contour of the spine in the design of 
the model and the relative ease with which the loads 
can be applied to different directions and sizes for one 
analysis more complete. As a general conclusion, On 
the basis of the results of the analysis by this numerical 
method, the numerical results show that artificial disks 
(Model I, Model II) have played a very important role 
in the absorption of stresses and to minimize, On the 
other hand, the lumbar inter-somatic cage filled with 
spongy bone is too great a role in reducing the stress 
compared to another synthetic disc. In general, the 
new model of the inter-somatic cage filled with spongy 
bone and reinforced by a posterior fixation system 
has given a lower level of stress in the cortical and 
spongy bone of the lumbar vertebra (L5) Compared 
to the healthy disk. The model can also be used as the 
basis for our further study, in which surgical models 
having cages with different shapes and grafts will be 
developed.  Besides, bone remodeling  theory will  
be introduced  to  predict  the  long-term  bone  graft  
fusion, which  could  provide theoretical  basis for 
clinical  postoperative rehabilitation.
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