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Abstract

Orthopedic fixation devices are widely used in treatment of spinal diseases. It is expected that
application of dynamic stabilization confers valuable movement possibility besides its main role of
load bearing. Comparative investigation between pedicle screw model rigid fixation and (B Dyne,
Elaspine, Bioflex, Coflex rivet) models dynamic fixation systems may elucidate the efficacy of each
design. The goal of the present study is to evaluate the efficacy of five fixation systems mounted on
L4-L5 motion segment. In this numerical study, a 3D precious model of L4, L5 and their intervertebral
disc has been employed based on CT images. Five fixation devices have been also implanted
internally to the motion segment. Finite element method was used to evaluate stress distribution in
the disc and determine the overall displacement of the segment as a measure of movement possibility.
The results show that the Coflex rivet implantation can provide stability in all motions and reduce disc
annulus stress at the surgical segment L4-L5. On the other hand, maximum stress in the disc has been
observed in dynamic systems but within the safe range. The greater movement of the motion segment
has also appeared in dynamic fixations. Existence of the fixation systems reduced the stress on the
intervertebral disc which might be exerted in intact cases. Use of the fixation devices can considerably
reduce the load on the discs and prepare conditions for healing of the injured ones. Furthermore,
dynamic modes of fixation confer possibility of movement to the motion segments in order to
facilitate the spinal activities.

Keywords: Lumbar spinal stenosis; Interspinous; Coflex rivet; B Dyne; Bioflex; Elaspine; Pedicle screw
fixation; Disc annulus; Von Mises stress; Finite element analysis

Abbreviation: 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; PLIF = posterior lumbar interbody fusion; DIV = disc intervertebral

Introduction resulting in nerve compression [1]. The symptoms of
LSS include bilateral radicular pain and intermittent

Lumbar spinal stenosis (LSS) is a common disabling ~ neurogenic claudication, sensation disturbance and loss
disease in the elderly. The reduced disc height narrows  of muscle strength in the legs. Many surgeons perform
the spinal canal and the neural foramina, eventually ~ decompression for spinal stenosis and reconstruct the
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segment with rigid fusion devices. However, rigid
fusion may cause increased stress at the adjacent discs,
resulting in degeneration of adjacent segments [2-
4]. Therefore, flexible non fusion devices such as the
interspinous process device were developed with the
intention of reducing adjacent segment degeneration.

Spinal disorders (SDs) include a variety of
malfunctions in vertebral complex which have been
considered as one of the most relevant diseases in the
population. SDs can be related to many factors such
as occupational conditions, age, weight, etc [5-8], that
take considerable costs annually [7]. The origin of
pain as the main symptom for SDs may be various and
elaborative like muscular spasm, weakness or damage
[10], damages due to overstretch or overpressure
of the existing soft tissue like intervertebral discs
(IVD), fascias, tendons and ligaments [11], vertebral
damages [12], and spinal cord stimuli [13]. In SD
cases, the motion segment should be immobilized in
order to avoid such movements that deteriorate the
case and prevent the healing process [14]. The first
choice is, hence, fusion of the motion segment by rigid
instrumentation [15-19].

Although the level of stress in the components
becomes less in rigid fixation systems, several
limitations in back natural motions and discomforts
emerge. In a retrospective study, it was shown that
the patient reported various levels of comfort and
satisfaction after the surgery and implantation [21-
22]. Moreover, immobility of one or more segments
endangers adjacent segments due to higher share of
loading they received followed by revision or re-
intervention [23-29]. These problems have been
mastered by using recently-developed systems of
fixation, called dynamic stabilization system for the
spine [30-31]. In these designs, the previous rigid rod
has been replaced by more flexible alternatives.

For needs of flexibility a spring-shaped connector
has been used to provide slight but influencing
movement between the vertebrae to perform the
kinematic tasks [32]. Another dynamic fixation system
contains polymer spacer between pedicles screws
which covers a wire passes through the holes [32-35].
It has been expected that the use of these dynamic
systems facilitates the motion of lumbar or thoracic
segment underwent fixations.

The dynamic fixation systems, so-called Dynesys,
have been employed first by Stoll et al. but then
formally introduced by Dubois et al. [31-36].

Retrospective studies by Cakir et al. showed that
Dynesys worked slightly better and reduced the
operation time and hospital stay, and hence, could
be introduced as an effective alternative to fusion
in patients [37]. Kim et al. compared the kinematic
behavior of spinal fixation systems, including rigid and
dynamic ones by virtual human model at the level of
L4-S1. They found that the Dynesys system revealed
similar kinematic behaviors to the intact model [38].

Cunningham et al. evaluated the safety and efficacy
of the Dynesys systems and associated in-vitro and
in-vivo effects in animal models. They used wire and
polymer spacer type of Dynesys and concluded that it
stabilized spinal motion. Also, 25% of screw loosening
was observed after 12 months [33]. Besides the
experimental studies, numerical approaches have been
further used to examine the efficacy of the dynamic
systems of spinal stabilization.

Shin et al. developed a finite element model of
the human lumbar spine to calculate the stiffness of
fixation systems implanted on the levels of L2-L5.
Their results showed that dynamic stabilization was
more similar to the intact model than fused fixation
[32]. In another study, Zhang et al. conducted a finite
element analysis to calculate the biomechanical
capacity of dynamic fixation systems in type of wire
and polymer spacer and stabilization at the level of
L4-L5 and indicated that the stiffness of a segment
was increased in dynamic system; thus, it could
significantly diminish the intervertebral disc's stress
[34].

Although the efficacy of fixation systems have been
separately studied, no comparative study exists to shed
light on the pros and cons of these systems in a fixed
model underwent to the same conditions. Moreover,
the measures for the efficiency of the fixation systems
vary between stress/strain in IVD and vertebrae, or the
displacement of the motion segment. Therefore, the
present investigation is aimed at compare the prevalent
models of spine fixations including rigid, dynamic
systems in a same model and loading conditions using
finite element method. The principal aim of the present
study is to compare the provision of movement facility
for the motion segment against reduction in stress of
intervertebral disc.

Fig. 1 shows two vertebrae of the spinal column with
an intervertebral disc under the effect of a compound
loading (compression P+ bending moment P1). The
compressive load P creates an internal pressure in the

http://www.nanobe.org



Nano Biomed. Eng.,2017,Vol. 9, Iss. 2

171

nucleus, and this pressure will thereafter generate the
disc degeneration or degenerative disc disease (Fig 2).
With regards to the forward flexion P1, if the load P1
increases, automatically the distance between the point
of load application and the axis of the spinal column
increases. We see that the posterior portion of the
annulus fibrosis is tensioned and the other front portion
is compressed. That is to say the nucleus pulposus
burst back (posterior compression). This compression
produced by disc protrusion comes into contact with a
nerve root called herniated disc.

P P
Nucleus

Tensile

v

T
‘

Bending Compression

() (b)

Fig. 1 The intervertebral disc with (a) bending and (b)
compression [6].

Normal disc Herniated disc

Degenerated disc

Fig. 2 Load distribution at the disc D1 according to his state [7].

Experimental

FE model of intact L4-L5 segment lumbar
spine (intact model)

A validated 3D FE model of the intact L4-L5
segment was used. To create this model, computed
tomography scans of the L4-L5 segment of a middle-
aged healthy man were obtained at 1 mm intervals.
The commercially available FE program, ANSYS
16 (ANSYS Inc., Canonsburg, PA, USA) was used
to model the spinal segments. The FE model of the

osseoligamentous lumbar segment included the
vertebrae, one intervertebral disc, endplates, posterior
elements and the following ligaments: supraspinous,
interspinous, ligamentum flavum, transverse, posterior
longitudinal, anterior longitudinal and capsular. The
material properties of the intact L4-L5 segment were
assumed to be homogeneous, and a detailed description
has been presented in our previous studies [57-58]. The
ligaments were simulated using ten-node link elements
with tension resistance only, and the elements were
arranged in the anatomic orientation. ten-node solid
elements were used for modelling of the cortical bone,
cancellous bone, endplate, posterior bony structure and
disc.

The disc annulus consisted of fibres embedded in
the ground substance. Annular fibres in 6 layers were
modelled using ten-node link elements with tension
resistance only and placed in an anatomic orientation
[59-61]. The facet joints were treated as nonlinear 3D
contact pairs using surface-to-surface contact elements,
and the coefficient of friction was set to 0.1 [57-58].

The material properties of the INT model are listed
in (Table 1) and were chosen from previous studies [39-
58]. All seven ligaments were simulated by ten node
link elements with resistance tension only, and they
were arranged in the anatomical direction given by the
text book [54]; the cross-sectional area of each ligament
was obtained from previous studies [47, 52-54]. An ten-
node solid element was used for modeling the annulus
ground substance. Cortical bone and cancellous bone
were assumed to be homogeneous and isotropic. The
intervertebral disc consisted of annulus ground substance
and nucleus pulposus, which embeds collagen fibers
in the ground substance. The nucleus pulposus was
modeled as an incompressible fluid with bulk modulus
of 1MPa by an ten-node fluid element [45-53]. The facet
joint was treated as a sliding contact problem using
surface-to-surface contact elements, and the coefficient
of friction was set at 0.1 [55-56]. The FE model of the
intact L4-L5 segment lumbar spine consisted of 199,689
elements and 32,7621 nodes (Fig. 3).

FE model of bilateral B Dyne implant fixation
implanted into the L4-L5 segment (B Dyne
implant fixation model)

The existing geometrical model of the implant
realized with CAO software (Solidworks 2016) was
imported. It consisted of an assembly of five parts:
the piston rod, the cylindrical body, the fixed rod,
the ring and the damper block. The contact surfaces
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Table 1 Material properties used in the FE model

Material Young modulus E (MPa) Poisson coefficient Ref.
Cortical Bone 12000 0.3 [39-45]
Cancellous Bone 100 0.2 [39, 41-42, 44-45]
Posterior Bone 3500 0.25 [39-41, 45-46]
Cartilage Endplates 12000 0.3 [40, 42, 47]
Annulus Ground Substance 42 0.45 [39-40, 42, 45, 49-50]
Nucleus Pulposus 1 0.499 [45, 48, 51-53]
Anterior Longitudinal Ligament 7.8 (< 12%), 20.0 (> 12%) 0.3 [55, 56-58]
Posterior Longitudinal Ligament 10.0 (< 11%), 20.0 (> 11%) 0.3 [55, 56-58]
Ligamentum Flavum 15.0 (< 6.2%), 19.5 (> 6.2%) 0.3 [55, 56-58]
Intertransverse Ligament 10.0 (< 18%), 58.7 (> 18%) 0.3 [55, 56-58]
Inter-Spinous Ligament 10.0 (< 14%), 11.6 (> 14%) 0.3 [55, 56-58]
Supra-Spinous Ligament 8.0 (<20%), 15.0 (> 20%) 0.3 [55, 56-58]
Capsular Ligament 7.5 (<25%), 32.9 (> 25%) 0.3 [55, 56-58]

Fig. 3 FE model of L4-L5 motion segment with IVD.

between the body and the fixed rod had a threaded
area which made it possible to assemble the implant.
In the manufacturing process, after assembly, these
two parts were welded together. The geometry of
these contact surfaces were therefore simplified on
the geometric model (Fig. 4) in order to facilitate the

meshing and calculation steps. The metal parts (piston
rod, cylindrical body and fixed rod) were modeled in
titanium TA6V ELi with elastic properties, Young’s
modulus and Poisson’s ratio were assigned to be
112,400 MPa and 0.34, respectively. The deformable
parts (ring and damper block) were modeled with an
elastic behavior of a silicone, Young’s modulus and
Poisson’s ratio were assigned to be 600 MPa and 0.49.
The model B Dyne consisted of 228,348 elements and
378,676 nodes (Fig. 4).

FE model of bilateral Elaspine implant fixation
implanted into the L4-L5 segment (Elaspine
implant fixation model)

The Elaspine implant consistsed of six parts: four
metal elements made of titanium alloy (Ti6Al4V ISO
5832-3) and two deformable rods made of polymer

Piston rod

Ring
Damper block

Cvlindrical body

Fig. 4 FE model of the L4-L5 motion segment with posterior dynamic fixation system B Dyne.
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(silicone). A deformable rod made of polymer (silicone)
with a length of 60 mm and a diameter of 7 mm, which
is presented in Fig. 5. The screw-bone interfaces were
assigned to 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 113,000 MPa
and 0.3, respectively. The two deformable parts were
modeled with an elastic behavior which contained a
Young’s modulus and Poisson’s ratio assigned to be
600 MPa and 0.49. The model Elaspine consisted
of 223,950 elements and 373,025 nodes (Fig. 5).
An assembly of two rods and four screws (spinal
assembly) was required to stabilize a spinal segment.
Each implant was attached to the lumbar vertebrae
using titanium pedicle screws (Fig. 5).

FE model of bilateral Biolflex implant fixation
implanted into the L4-L5 segment (Biolflex
implant fixation model)

The Biolflex implant was a helical spring
manufactured by the company BioSpine, the total
length of the rod was 70 mm and the spring height
15.7 mm, The spring diameter was 5 mm and the pitch

equaled 5.5 mm. The material used for the Biolflex
model was Ti-6Al-4V. Young’s modulus and Poisson’s
ratio were assigned to be 113,000 MPa and 0.3,
respectively. The Biolflex model consisted of 228,101
elements and 399,240 nodes (Fig. 6).

FE model of Coflex rivet implanted into the L4-
L5 segment (Coflex rivet model)

The Coflex rivet model was implanted at the L4-L5
segment. This model was used to simulate instability
by cutting the ligamentum flavum. The facet capsules
and 50% of the inferior bony faceted bilaterally at the
L4-L5 segment (Tsai et al. 2006; Kettler et al. 2008). In
addition, the supraspinous ligaments and interspinous
ligaments had to be resected before insertion.

The Coflex rivet differed from the original Coflex
implant by adding two rivets joining the wings and
spinous processes (Fig. 7). The coefficient of friction
for the rest of the contact regions was set to 0.1 (Fig. 6).

The rivets were simplified as cylinders and were
constrained to both the holes on the wings of the Coflex
and the spinous processes in all degrees of freedom (the

Fig. 7 FE model of the L4-L5 motion segment with posterior dynamic fixation system Coflex rivet.
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degrees of freedom of screw nodes are interpolated,
with the corresponding degrees of freedom of the
nodes on the Coflex and spinous processes during the
execution of ANSYS program). The material used for
the Coflex rivet was a Ti-6Al-4V alloy. The Young’s
modulus and Poisson’s ratio were assigned to be
113,000 MPa and 0.3 respectively. The model Coflex
rivet consisted of 202,615 elements and 332,396 nodes

(Fig. 7).

FE model of bilateral pedicle screw fixation
implanted into the L4-L5 segment (pedicle
screw fixation model)

The pedicle screw fixation model was implanted
at the L4-L5 segment. 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. 8). The pedicle screw
fixation consisted of two rods (diameter, 5 mm) and
four pedicle screws (diameter, 5 mm). The pedicle
screws were inserted through the pedicles of the L4
and L5 vertebrae bilaterally. The pedicle screws were
simplified as cylinders. The screw-bone interfaces were
assigned to 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 113000 MPa and
0.3, respectively. The model pedicle screw consisted of

225,769 elements and 394,288 nodes (Fig. 8).

Therefore, the purpose of this work is to study the
mechanical behavior between the rigid and dynamic
fixation systems of the spinal column by using finite
element (FE) analyses on a two-segment spinal model.
In addition, comparative investigation between rigid
and 4 dynamic fixation systems may elucidate the
efficacy of each design. The goal of the present study
is to evaluate the efficacy of four fixation systems
mounted on L4-L5 motion segment. Finite element
method was used to evaluate stress distribution in
the disc and determine the overall displacement of
the segment as a measure of movement possibility,
the maximal von Mises stress at the disc annulus and
the von Mises stress distribution at the surgical disc
annulus.

Boundary and loading conditions

The loading condition was similar to the in-vitro
study of Yamamoto et al., in which the intact L4-
L5 segment was subjected to the maximum possible
load without causing spinal injury [33]. Therefore, all
four physiological motions were imposed, each with
a moment P1 equal to 10.6 Nm and a compression P
equal to 400 N on the superior surface of the L4 level.
These models constrained all degrees of freedom at the
inferior surfaces of the L5 vertebra (Fig. 9).

Fixed support

@ (b)

(© )

Fig. 9 Biomechanical model of the intact L4-L5 segment: (a) Anterior load (flexion); (b) Posterior load (extension); () Lateral load

(flexion lateral); and (d) Axial load (torsion).
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Results and Discussion

Two principal functions of the fixation systems were
to balance the stabilization and dynamization of the
motion segment, and also to reduce the over pressure
on vulnerable tissues like muscles or IVDs. Therefore,
overall displacement of the motion segment and
stress of the IVD could be considered as measures for
efficacy of the fixation systems.

In flexion, the displacement total of the segment
spinal (L4/L5) decreased by 36.81% in the Coflex
rivet model, 29.64% in the Bioflex model, 22.29% in
the Elaspine model, 21.18% in the B Dyne model and
2.47% in the pedicle screw fixation that the surgical
segment (Fig. 10).

On the other hand, the maximum von Mises stress
of the segment spinal (L4/L5) decreased by 58.80% in
the Coflex rivet model, 41.48% in the Elaspine model,
39.22% in the B Dyne model, 16.58% in the Bioflex
model and 3.70 % in the pedicle screw fixation that the
surgical segment.

However, the displacement total of the segment
spinal (L4/L5) and maximum von Mises stress of the

intact disc increased by 36.81%, 58.80% in the Coflex
rivet model and 2.47%, 3.70% in the pedicle screw
fixation model at L4-L5 segment.

In extension, the total displacement of the segment
spinal (L4/L5) decreased by 20.15% in the Coflex rivet
model, 12.80% in the Elaspine model, 8.11% in the B
Dyne model, 5% in the pedicle screw and 2.72% in the
Bioflex model at the surgical segment (Fig. 10).

After implantation, the von Mises stress effectively
decreased by 40% in the Coflex rivet mode, 20.61% in
the Elaspine model, 20.60% in the B Dyne model, 5.91%
in the pedicle screw fixation model and 1.54% in the
Bioflex model when compared with the intact model. In
addition, the stress Mises were equal in the two dynamic
models (B Dyne, Elaspine) but the total displacement of
the segment spinal (L5/L4) increased by 12.80% in the
Elaspine model and decreased by 8.11% in the B Dyne
model at L4-L5 segment (Fig. 10).

In lateral bending, the total displacement of the
segment spinal decreased by 45.89% in the Coflex
rivet model, 17.88% in the Bioflex model, 15.02%
in the Elaspine model, 13.18% in the B Dyne model
and 1.97% in the pedicle screw fixation model at the

(In flexion) (In flexion)

60 45

50 40

< = 35

2 40 <30

g 25
£30 g

3 g 20

& 20 £15

10 “10

5

B Dyne  Elaspine Bioflex  Coflex rivet  Pedicle 0 B Dyne  Elaspine Bioflex  Coflexrivet  Pedicle
screw fixation screw fixation
(In lateral bending) (In axial rotation)

70 50

60 45

40

50 g 35

540 2 30

bS] 825
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g 30 g 20

& 20 g 15
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10 5

0

B Dyne Elaspine Bioflex  Coflexrivet  Pedicle B Dyne  Elaspine Bioflex  Coflexrivet  Pedicle

screw fixation

screw fixation

m Normalized Max. Stress (%) m Normalized Displacement (%)

Fig. 10 Maximal von Mises stress of the disc intact model and total displacement of the spinal segment L4-L5 in flexion, extension,
lateral bending and axial rotation for different devices of the rigid posterior fixation system and dynamic.
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surgical segment, when compared with that of the
intact model (Fig. 10).

However, the von Mises stress in the disc intact
decreased by 66.67% in the Coflex rivet, 29.71% in the
Elaspine model, 29.20% in the Bioflex model, 27.86%
in the B Dyne model and 2.99% in the pedicle screw
fixation model at L4-L5 segment (Fig. 10).

In axial rotation, the displacement anterior of the
segment spinal (L5/L4) decreased by 21.53% in the
Coflex rivet model, 18.24% in the Bioflex model,
15.31% in the Elaspine model, 10.57% in the B Dyne
model and 2.83% pedicle screw fixation model at the
surgical segment, when compared with that of the
intact model.

However, in the pedicle screw fixation model,
the stress Mises decreased by 4.35% at the (L4-L5)
segment and increased by 30.12 in the B dyne model,
32.49% in the Bioflex model, 36.05% in the Elaspine
model and 47.15% in the Coflex rivet at the adjacent
L4-L5 segment (Fig. 10).

Coflex rivet Pedicle
screw fixation

Normalized disc annulus stress (in flexion)
O O O O kR kP B B PN
O N M O OO N M OO 0O O

Intact B Dyne Elavspine  Bioflex

Spinal segment (L5/L4)

LR

Elaspine

Pedicle
screw fixation

Bioflex  Coflex rivet

Intact B Dyne

Normalized disc annulus stress (in lateral bending)

Spinal segment (L5/L4)

Maximal von Mises stress at the disc annulus
L4-L5

The highest maximum von Mises stress value for
the IVD also appeared in Coflex rivet model, with
1.0842 MPa in flexion, 0.47009 MPa in extension,
1.1316 MPa in lateral bending and 0.8263 MPa in axial
rotation (Fig. 11).

For the B Dyne model, maximum annulus stress
at the surgical level (L5/L4) decreased remarkably
by 39.22%, 20.60%, 27.86% and 30.12% in flexion,
extension, torsion and lateral bending respectively,
compared to the intact model (Fig. 10).

For the Elaspine model, the maximum annulus stress
at the surgical level decreased remarkably by 41,48%,
20,61%, 29,71%, and 36,05% in flexion, extension,
torsion and lateral bending respectively, compared to
the intact model.

In the Bioflex model, the annulus stress decreased
at the surgical L4/L5 level by 16,58%, 1,54%, 29,20%
and 32,49% in flexion, extension, torsion and lateral

=
)

=
(=)

o
)

o
~

o
)

&

Coflex rivet Pedicle
screw fixation

S i
Bioflex

Normalized disc annulus stress (in flexion)
o
D

o

Intact B Dyne Elaspine

Spinal segment (L5/L4)

O =~ e N
o P® oo o NP o ©

Bioflex  Coflex rivet Pedicle

screw fixation

Intact B Dyne Elaspine

Normalized disc annulus stress (in axial rotation)

Spinal segment (L5/L4)

Fig. 11 Maximal von Mises stress of the disc annulus normalised to the intact model in flexion, extension, lateral bending and axial
rotation. The B Dyne, Elaspine, Bioflex, pedicle screw fixation models decreased annulus stress at the surgical segment L4-L5 in
flexion and extension. However, the annulus stress of the Coflex rivet decreased at the surgical segment in both lateral bending and

axial rotation.
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bending respectively (Fig. 10).

On the other hand, Fig. 10 clearly shows that with
the Coflex rivet model, the maximum annulus stress
at the surgical level decreased remarkably by 58,80%,
40,76%, 66,67% and 47,15% in flexion, extension,
torsion and lateral bending respectively, compared to
the intact model.
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\on Mises stress (L4-L5).

Fig. 10 shows that the mixed loading (compression
P plus bending moment (P1)) was applied to the upper
surface of the lumbar vertebra L4 in the pedicle screw
fixation model. The maximum annulus stress at the
surgical level decreased remarkably by 3,70%, 5,91%,
2,99% and 4,35% in flexion, extension, torsion and
lateral bending respectively, compared to the intact
model.
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0.031115
0.023685
0.016255
0.0088249
0.001395 Min

Pedicle screw fixation

Coflex rivet

Fig. 12 Total displacement of the motion segment and von Mises stress distribution of the surgical segment L4-L5 disc annulus
in extension for various surgical models. The stress of the intact and four models (B Dyne, Elaspine, Coflex rivet, pedicle screw
fixation) was concentrated on the posterior-superior regions of the annulus. For the Bioflex model, the stress was concentrated on
the left and right regions of the annulus, which were close to the superior and inferior sides of the endplate in the intact model. After
implantation, the stress concentration of the disc annulus diminished obviously.
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Stress distribution of the disc annulus (L5-L4)

Fig. 11 presents these contours for 5 models of
fixation. Maximum displacement was revealed in
the Coflex rivet model by the amount of 2.1477 mm
in flexion, 0.58024 mm in extension, 2.6188 mm in
lateral bending and 1.8423 mm in axial rotation for
the top anterior edge of the vertebral body due to the
loading.

Stress concentration and distribution pattern of the

Displacement total (L4-L5).

5.8337 Max 1.2361 Max
5.1855 1.0987
4.5373 0.9614
3.8891 0.82406
3.2410 0.68671
2.5928 0.54937
1.9446 0.41203
1.2964 0.27469
0.64819 0.13734

0 Min 0 Min

Intact

Displacement total (L4-L5).

1.5961 Max 2.1477 Max
1.4188 1.9091
1.2414 1.6704
1.0641 1.4318
0.88675 1.1932
0.7094 0.95453
0.53205 0.7159
0.3547 0.47726
0.17735 0.23863

0 Min 0 Min

Bioflex

Von Mises stress (L4-L5).

1.8438 Max 0.72332 Max
1.6409 0.64421
1.4381 0.56511
1.2352 0.48601
1.0323 0.40691
0.82941 0.3278
0.62653 0.2487
0.42365 0.1696
0.22077 0.090494
0.017883 Min Intact 0.01139 Min
\Von Mises stress (L4-L5).
0.96742 Max 1.0842 Max
0.86176 0.96452
0.7561 0.84487
0.65044 0.72522
0.54479 0.60557
0.43913 0.48592
0.33347 0.36627
0.22781 0.24662
0.12215 0.12697
0.016493 Min 0.0073229 Min

Bioflex

Displacement total (L4-L5).

Displacement total (L4-L5).

Coflex rivet

\Von Mises stress (L4-L5).

\Von Mises stress (L4-L5).

Coflex rivet

disc annulus at the surgical segment changed obviously
in these models. In extension, the stress contour of the
five models was concentrated on the posterior-superior
regions of the disc annulus (Fig. 12). However, after
implantation, the stress concentration of the disc
annulus at the posterior disc diminished obviously.
Furthermore, in flexion, the von Mises stress was
concentrated on the anterior of the disc annulus
regions, close to the superior and inferior sides of the
endplate (Fig. 13).

Displacement total (L4-L5).

1.3006 Max
1.1561
1.0115
0.86704
0.72253
0.57803
0.43352
0.28901
0.14451

0 Min

B Dyne Elaspine

Displacement total (L4-L5).

0.1441 Max
0.12809
0.11208
0.096067
0.080056
0.064045
0.048033
0.032022
0.016011

0 Min

Pediele screw fixation

\on Mises stress (L4-L5).

0.76488 Max
0.68204
0.5992
0.51636
0.43352
0.35068
0.26783
0.18499
0.10215
0.019311 Min

Elaspine

\Von Mises stress (L4-L5).

0.068265 Max
0.060835
0.053405
0.045975
0.038545
0.031115
0.023685
0.016255
0.0088249
0.001395 Min

Pedicle screw fixation

Fig. 13 Stress distribution of the surgical segment L4-L5 disc annulus in flexion for various surgical models. The stress was
concentrated on the superior and inferior regions of the annulus, which were close to the superior and inferior sides of the endplate in
the B Dyne and Bioflex models. For the Elaspine, Coflex rivet and pedicle screw fixation models the stress was concentrated at the
posterior and anterior regions of the annulus, The Coflex rivet and Bioflex models had the most even disc annulus stress distribution.
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The Coflex rivet was found to have the most even
disc annulus stress distribution in flexion, extension,
lateral bending and axial rotation even when compared
with the four posterior fixation system (B Dyne,
Elaspine, Bioflex, pedicle screw fixation). In lateral
bending and axial rotation, the equivalent stress was
concentrated on the right part of the disc annulus
regions, close to the superior and inferior sides of the
endplate in the five models when compared with that of

Displacement total (L4-L5).
5.7065 Max

5.0725
4.4384
3.8044
3.1703
2.5362
1.9022
1.2681
0.63406
0 Min

Displacement total (L4-L5).

2.6188 Max
2.3278
2.0368
1.7458
1.4549
1.1639
0.87292
0.58194
0.29097

1.0207 Max

0.90725
0.79384
0.68044
0.56703
0.45362
0.34022
0.22681
0.11341
0 Min

\Von Mises stress (L4-L5).
1.6973 Max

1.5094
1.3215
1.1337
0.94579
0.75792
0.57005
0.38218
0.19431

0.0064427 Min

\Von Mises stress (L4-L5).
0.49578 Max

0.44178
0.38778
0.33379
0.27979
0.22579
0.1718

0.1178

0.063802
0.0098047 Min

0 Min
Intact

0 Min
Bioflex

0.47295 Max

0.42164

0.37032
0.319

0.26769
0.21637
0.16505
0.11374

0.162421
0.011105 Min

Intact

1.1316 Max

1.0081

0.88461
0.76113
0.63766
0.51418
0.3907

0.26723
0.14375

0.020272 Min

Bioflex

Displacement total (L4-L5).

0.75249 Max 0.85722 Max
0.66888 0.76197
0.58527 0.66673
0.50166 0.57148
0.41805 0.47623
0.33444 0.38099
0.25083 0.28574
0.16722 0.19049
0.08361 0.095247

Displacement total (L4-L5).

0.11297 Max
0.10042
0.087866
0.075314
0.062761
0.050209
0.037657
0.025105
0.012552

\Von Mises stress (L4-L5).

\Von Mises stress (L4-L5).

0.039688
0.034117
0.028546
0.022975
0.017404
0.011833
0.0062619

the intact model (Fig. 14 & 15). After implantation, the
stress concentration of the disc annulus at the posterior
disc was also diminished.

Fig. 15 presents these contours for five models
of fixation. In flexion and extension, the maximum
total displacement revealed in Coflex rivet model was
36.81 mm, 20.15 mm for the top anterior edge of the
vertebral body due to the loading. In lateral bending
and axial rotation, the contour of total displacement

Displacement total (L4-L5).

0 Min
B Dyne Elaspine

Displacement total (L4-L5).

0 Min

Coflex rivet Pedicle screw fixation

\on Mises stress (L4-L5).

0.50432 Max
0.44981
0.39531
0.3408
0.2863
0.2318
0.17729
0.12279
0.068284

B Dyne 0.01378 Min

Elaspine

\on Mises stress (L4-L5).

0.050831 Max
0.045259

0.00069085 Min

Coflex rivet Pedicle screw fixation

Fig. 14 Stress distribution of the surgical segment L4-L5 disc annulus in right lateral bending for various surgical models. The stress
was concentrated on the right regions of the annulus, which were close to the superior and inferior sides of the endplate in the intact
and defect models. The Coflex rivet model had the most even disc annulus stress distribution. After pedicle screw fixation, the stress
concentration of the disc annulus diminished obviously.
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0 Min

Bioflex
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0.46961
0.41141
0.35321
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0.12043
0.062234
0.0040385 Min

1.569

1.3857
1.2024
1.0192
0.83588
0.6526
0.46932
0.28604
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2.6188 Max
2.3278
2.0368
1.7458
1.4549
1.1639
0.87292

Intact

Von Mises stress (L4-L5).

0.56939 Max 1.1316 Max
0.50663 1.0081
0.44388 0.88461
0.38112 0.76113
0.31837 0.63766
0.25561 0.51418
0.19286 0.3907
0.1301 0.26723
0.067344 0.14375
0.0045886 Min 0.020272 Min

Bioflex

Displacement total (L4-L5).

Displacement total (L4-L5).

0.21547
0.18853
0.1616
0.13467
0.10773
0.0808
0.053866
0.026933

\on Mises stress (L4-L5).

0.56243
0.49308
0.42374
0.35439
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\Von Mises stress (L4-L5).

0.059421
P 0.051015
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0.025797
0.017392

Displacement total (L4-L5).

1.3101 Max
1.1645
1.0189
0.87338
0.72781
0.58225
0.43669
0.29113
0.14556
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B Dyne
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Displacement total (L4-L5).

0.2424 Max
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Coflex rivet Pedicle screw fixation

\Von Mises stress (L4-L5).
0.63177 Max

0.077015

0.0076699 Min

B Dyne Elaspine

\on Mises stress (L4-L5).

0.076233 Max
0.067827

0.0089857

0.00057978 Min

Coflex rivet Pedicle screw fixation

Fig. 15 Stress distribution of the surgical segment L4-L5 disc annulus in right axial rotation for various surgical models. The stress
was concentrated at the right regions of the annulus, which were close to the superior and inferior sides of the endplate in the defect
model. After implantation, the stress concentration of the disc annulus diminished obviously.

in the Coflex rivet model was 45.89 mm and 21.53
mm for the top anterior edge of the vertebral body due
to the loading when compared with that of the intact
model (Fig. 14 & 15).

A finite element analysis on five models of fixation
in order to stabilize L4-L5 motion segment was
performed. Evaluated models were rigid and dynamic
fixation systems. Maximum displacement for the
whole of the motion segment was observed in Coflex
rivet model. In flexion, the Bioflex model between

2 vertebrae permitted the complex to deflect up to
29.64 mm for the top anterior edge of the L4 vertebra.
In flexion, the pedicle screw fixation model revealed
relatively less displacement for the motion segment
by 2.47% reduction than the Coflex rivet model.
Noticeably, higher fixation degree of pedicle screw
fixation system was due to the straight rigid connector
rod between the pedicle screws. In such a firm
structure, a considerable share of the loading energy
was consumed to bend the rigid rod. In RF model,
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the overall displacement of the motion segment was
associated with the bending deflection of the straight
rod.

The D Bdyne, Elaspine and Bioflex models, on
the other hand, experienced higher displacement in
comparison with pedicle screw fixation model. It may
be confusing that how the two models (B Dyne and
Elaspine) with an extra component of polymer-spacer
(silicone) received higher movement of displacement;
however, it was noticed that the stainless steel rigid
connector rod in the pedicle screw fixation model
was replaced by a rod with material of silicone which
possessed the Young's modulus at approximately half
of the RF rod’s. Thus, the overall resistance of the
fixation system against the external flexion loading was
remarkably diminished, and maximum displacement in
the Coflex rivet became 36.81% greater than in pedicle
screw fixation model.

Fundamental diversities in these five models led to
different mechanic behaviors of the posterior fixation
systems. In the pedicle screw fixation model, rigid rod
resists against the loading and the exerted energy was
devoted to bending the rod. In flexion, the two rods of
Elaspine model were strained, but the anterior half of
the rod of silicone were compressed and constrained by
rising the movement of the motion segment. In Bioflex
model, loading energy was consumed to compress or
strain the spring ring; however, since the compression
of the spring directly resulted in shortening of the
ring's ends. in flexion, the overall displacement of
the motion segment increased up to the maximum
value of 1.59 mm. It should also be considered that
characteristics of the spring provided in the connector
rod in Bioflex model was of crucial importance in
the results. Diameter of the rod, diameter of the ring,
number of the rings and density of the rings per length
could influence on the stiffness of such a design.

After implantation, Maximum stress of the IVD
also occurred in Coflex rivet model. Provision of the
extreme movement for the motion segment resulted
in increase of the stress at the anterior regions of the
L4-L5 IVD. The maximum stress with these systems
of fixation (1.13 MPa) was less than those reported
in other numerical works. For instance, in flexion the
maximum stress reported for Bioflex model by Zhang
et al was roughly 0.96 MPa. It was then concluded
that the loading was in medium range of load exertion
of the human back based on an in-vivo experiment
reporting that the human standing in relax sustained 0.5

MPa in the IVD for healthy individuals.

In the present study, we also showed that the rivet
connecting the metal wings and bony spinous process
provided more security than the conventional device.
Therefore, the rivet could improve load transmission
on the posterior spinal structure to decrease the stress
concentration on the disc annulus at the surgical
segment in all motions.

However, the Coflex rivet constrained the surgical
segment in all motions and increased the displacement
at the L4-L5 segments, especially in flexion. Therefore,
the Coflex rivet increased annulus stress at L4-L5
segment both in flexion and in extension.

Several assumptions were considered in the present
numerical analysis. The most important one was to
ignore the existence and roles of the muscles acting on
vertebral bodies which could also resist the loading;
however, since the goal was to compare the fixation
systems, the analysis neglected them. Moreover, it
should be taken into account that the loading was
adopted from the experiment. Similar numerical
simulations can elucidate the efficacy of such fixation
systems in other cases as well.

Conclusions

The finite element method (FEM) is a very precise
technique used to analyze structural stresses. With
its application in engineering, the method can solve
many equations to calculate the stresses based on
the mechanical properties of the structures being
analyzed. 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 more complete analysis. The Coflex rivet
implantation can provide stability in all motions and
can reconstruct the posterior spinal structure for load
sharing to reduce disc annulus stress at the surgical
segment L4-L5. However, the Coflex rivet caused a
higher displacement and stress at the disc. As a general
conclusion, applications of the fixation systems can
considerably reduce the load on the IVD and prepare
conditions for the healing of injured IVD. Furthermore,
dynamic modes of fixations, i.e. B Dyne, ine, Bioflex
and Coflex rivet, confer the possibility of movement
to the motion segments in order to facilitate spinal
activities.
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