Australasian Physical & Engineering Sciences in Medicine (2019) 42:689-700
https://doi.org/10.1007/513246-019-00768-z

SCIENTIFIC PAPER q

Check for
updates

Simplifying the human lumbar spine (L3/L4) material in order to create
an elemental structure for the future modeling

Neda Salsabili'@ - Joaquin Santiago Lépez' - Maria Isabel Prieto Barrio'

Received: 21 December 2018 / Accepted: 2 June 2019 / Published online: 10 June 2019
© Australasian College of Physical Scientists and Engineers in Medicine 2019

Abstract

The human lumbar spine incorporates the best joints in nature due to its optimal static and dynamic behavior against the
internal and external loads. Developing an elemental structure based on this joint requires simplification in terms of the
materials employed by keeping the mechanical and anatomical behaviors of the human lumbar spine. In the present study,
the finite element (FE) of two motion segments of the human lumbar spine (L3/L4) was developed based on the CT scan data
as the base for vertebrae geometry, verified geometry properties for another part of two motion segments, and combination
of materials and loads obtained from the validated resources. Then, simplification occurred in four continuous steps such
as omitting the annual fibers of annual matrix, representing the material of the annual matrix to the nucleus, demonstrating
the material of annual matrix to the endplates too, and omitting the trabecular part of vertebrae. The present study aimed to
propose the method for developing the basic structure of the human lumbar spine by simplifying its materials in the above-
mentioned steps, analyzing the biomechanical effects of these four steps in terms of their internal and external responses, and
validating the data obtained from the FE method. The validated simplified way introduced in this study can be used for future
research by making implants, prosthesis, and modeling based on the human lumbar spine in other fields such as industrial

design, building structures, or joints, which results in making the model easier, cheaper, and more effective.

Keywords Finite element - Human lumbar spine - Simplification - Materials of two motion segments

Introduction

Bionic architecture as a main field of Bionics tries to design
and construct the buildings based on layout and lines of
natural forms [1]. Nature has inspired the architecture by
focusing on mimicking the geometrical principles embed-
ded in nature in terms of the aesthetics and economics of
geometric interventions [1]. During the twenty-first cen-
tury, the movement was matured by incorporating the bio-
logical, mathematical and mechanical principles of nature to
architectural design [2], which is known as the architecture
derived from nature [3]. It is worth noting that this field
becomes more significant in the era of ecological crisis for
the purpose of adaptability and flexibility, which is formed
within the course of natural evolution, flexible forms, and
structure which could be rectified through the changes of
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natural evolution proven to be the most efficient sources of
inspiration [1, 2, 4].

The human spine joint is considered as a perfect example
of flexible and adapted natural structures similar to other
human joints (the frame of the human body). The spine
joint has six key features including aesthetics by harmo-
nizing in response to environmental forces [5, 6], complex-
ity by adapting to flexion, extension, abduction, adduction,
rotation, and circumduction movements simultaneously [6],
comfort created by ensuring stability in different positions,
dynamism by facilitating the balance through flexible move-
ments [3, 6], light structural system, and modular form [3,
7]. The roles performed by the spine joint are very similar to
the type of role required within the building and industrial
design. Thus, it is considered as a natural element which can
inform the future of architecture and industrial design. The
spine joint as the most important and biggest structure of
the human body joints system consists of vertebrae (cortical
and trabecular part), intervertebral discs (annuals matrix,
annuals fibers, and nucleus part), ligaments (seven types
of ligaments), and facet joints [8]. Nowadays, it is possible
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to simulate [8] the sustainable systems with increased effi-
ciency by recognizing the spine joints [2, 3, 9]. This simu-
lation is conducted by using the combination of biology,
construction, mathematics, mechanics, and computational
programs and software [2, 3]. However, the simulation of
such structure requires a simplification of both structural and
material complexity of the spine joint in accordance with
the architectural and construction resources available. This
process can ease the process of modeling such structures
for the bioengineering and prosthetics industry, as well as
other future structures. The present study aimed to indicate
the effects of each material of human lumbar spine L3/L4
(which were changed or omitted) on its internal and external
response to conduct the simple and basic structure by FE
method.

By implementing a different range of properties for
modeling different geometrical parts, finite element method
(FEM), as a non-invasive and numerical [10, 11] tool in
a virtual environment [12—-14], can help simulate, analyze
[13], and evalaute the effect of simplification of the material
parts of human lumbar spine [15-17] easier [18], without
any damage to the spine [19], reduce the time, testing [13],
physical prototypes [20], and material uses [12], improve
the safety and information standards [13], optimize different
geometry properties [11, 13, 18, 21] for prosthesis[22] and
different physiological conditions [15, 19, 22, 23], meas-
ure different distribution of stresses, displacements [18],
and load transferring mechanisms [15, 16, 19], and assist in
developing the new spinal implants [15]. Thus, this method
has more advanatges compared to the vivo methods due
to some limitations in terms of measuring, obtaining [24],
as well as varying the specimen [19]. In addition, the vivo
methods are costly and time-consuming [16, 21].

There are many finite element (FE) simulations for
evaluating the biomechanical behavior of the lumbar spine
as the largest part of the whole spine which is responsi-
ble for the majority of weight bearing and flexible move-
ment functions [25]. Shirazi-Adl developed a FE model of
L1-L5 lumbar spine to predict optimal lumbar spine pos-
ture and stress in its soft tissues [26]. Little et al. devised
a FE model of L1-L5 lumbar spine to study the spinal
anatomy and the coupled rotations in the lumbar spine
[27]. In addition, Ayturk and Puttlitz created a FE model
of L1-L5 lumbar spine [28]. In another study, Schmidt
et al. built a FE model of L1-L5 lumbar spine to predict
the spine biomechanics after disc implanting [29]. Kiapour
et al. developed a FE model of L3-S1 lumbar spine to
simulate the muscle forces and upper body weight before
loading conditions, predict lumbar spine motion after sur-
gery, and evaluate spine biomechanics after implanting an
artificial intervertebral disc [30]. Furthermore, Lin et al.
implemented a FE model of L1-L5 lumbar spine to assess
the effect of dynamic spinal fixators of the lumbar spine

@ Springer

[31]. Park et al. built a FE model of L1-S1 lumbar spine
with both healthy and degenerated intervertebral discs to
evaluate the effects of degenerated intervertebral discs on
the lumbar spine biomechanics [32].

All of the above models were built based on the CT scan
of the one person subject and validated by comparing with
experimental data. These models were taken as a prototype
in many ways to represent other subjects for applications and
predictions [33], capture the internal biomechanical param-
eters of the bones or connective soft tissues [34], study the
effects of pedicle-screw and replacement of artificial discs
on lumbar spine biomechanics [33], find the distribution of
loads, or check the prosthesis or implanting part which was
already designed by FE method.

However, these FE models were not modeled based on
material simplification by the FE method. To the best of
our knowledge, the present study is the first to analyze the
simplification of the materials as a part of the human lum-
bar spine by FE method, in order to create a simple struc-
ture with fewer materials for the aspects of prosthesis and
implanting or building joints and structures. In general, FE
modeling occurs by simplifying the material parts of two
motion segments of human lumbar spine L3/L4 over four
continuous steps to analyze the effects of replacing or omit-
ting these material parts on two motion segments. Taken
as a basic unit, the two motion segments were used since
they can provide a characterization of the whole spine and
FE models and contribute to the promotion of quantitative
spinal biomechanics studies [15]. Simplifying each part of
the two motion segments offers an easier and cheaper way
of building a structure with less damage and lower use of
materials.

This paper presents a three-step method to examine the
feasibility and usefulness of simplifying the material ele-
ment of the human lumbar while maintaining its mechanical
and anatomical properties in FE modeling. First, the FE of
lumber was made by using a combination of different soft-
ware with verified formula, properties, and techniques for
calculating the model [33]. Second, the model was validated
by comparing its internal and external response with vitro
and vivo experimental data [21, 33]. Finally, it was stripped
of its materials in four continuous steps and validated again.

The present study seeks to find the simplified structure of
the human spine by employing fewer materials and assess
the influence of each material part which are changed or
omitted in the mechanical behavior of the human lumbar
spine, along the process of testing by FE method. This
method can be useful for making prosthesis and implant-
ing easier, making another type of structure based on, espe-
cially for the future of building or joint due to its flexible and
adapted natural form, and showing the way of developing,
simplifying, and validating the other parts of human joints
by FE method.
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Materials and methods

In the present experimental analysis, the validated FE of
two motion segments of the human lumbar spine (L3/L4)
was made, and accordingly the simplification process was
performed.

Making the validated FE of lumber spine (L3/L4)

The FE model was made based on the verified formula,
properties, and techniques of validated models data [21,
33] in three main steps including the development of the
geometric layout, material representation, and boundary and
loading conditions [11, 35]. Then, the model was validated
by comparing its data with the experimental validated data
related to vivo, animal, artificial, and cadaveric spine models
[21, 33]. According to the Dreischarf report, the combined
simulation modeling data can be used to represent the pre-
dictive capability of the modeling [33].

Development of geometry

The two motion segments as a basic unit (having the com-
plete character of the whole spine) was modelled step by
step, through the combination of software (Fig. 1), with
two vertebrae, intervertebral disc including annual matrix,
annual fibres, nucleus, and endplates, ligaments, and facet
joints [15].

First, the (2D) CT scan data as the basis for human lum-
bar vertebrae geometries, which is often used to create 3D
models, with 3 mm slices from the vivo normal of a healthy
person in an NRRD file format were imported into 3D Slicer
software (3D Slicer 4.8.1) in order to be converted into a
DICOM file format. Then, the model was imported into the
MIMICS software (MIMICS Research 19.0) in order to gen-
erate 3D geometries of the vertebrae, separate the trabecular
and cortical around 3 mm [36] by editing the CT scan data
layer by layer, and make facet joints around 0.8 mm by fill-
ing the gaps between the two vertebrae [15], annuals matrix
as the gap between two vertebrae [11] around 8 mm height
including a nucleus in middle, nucleus around 40% of the
intervertebral disc [17], and endplates around 0.8 mm [37]
on the bottom surfaces of L3 and on the top surface of L4
vertebrae manually based on the CT scan of vertebrae in
this software. Further, the 3D geometries with solo surface
were copied to the 3-matic software (version 11.0) in order
to make 10 tetrahedral volume, mesh (Table 1), and smooth
the model. In the next procedure, the STL files formats of
3-matic software was imported into the Rhino software (Rhi-
noceros 5) to edit the geometry and add the annual fibres,
which are defined by the lowest sections of the intervertebral
disc in two layers of “x” shape [37, 38] (% 10° to each other
from the vertical axis). Further, the Rhino file (0.3 dm file
format) was inserted into the space claim part of ANSYS
(workbench 19.0) in order to add seven types of ligaments
from node to node [39] of L3/L4 vertebrae. Finally, in the
mechanical section of ANSYS, the ligaments nodes were

(d)

Fig.1 a The CT scan data of Lumber, b getting the DICOM file
in 3D slicer software, ¢ getting the 3D form of L3/L4, Interverte-
bral disc, and facets shape in MIMICS software. d Making volume,
smoothing, and meshing in 3-matic software. e, f Editing volume and

making annuals fibers in Rhine software, g adding the ligaments in
the space claim part of ANSYS software, h loading the bars in the
mechanical part of ANSYS software
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Table 1 The whole geometry

. Component Properties

properties of each part of two

motion segments in ANSYS Node Element Area (L*W *H)
Cortical bone L3 158,105 91,872 0.098 *¥0.096 *0.053 m
Cortical bone L4 99,104 56,416 0.089%*0.095*0.048 m
Trabecular Bone L3 42,601 24,875 0.048%0.038*%0.027 m
Trabecular Bone L4 44,298 25,772 0.053*0.039*0.03 m
Cartilage endplate L3 15,517 7570 0.05%0.041*0.004 m
Cartilage endplate L4 11,347 5518 0.05*0.04 *0.006 m
Nucleus 7588 4223 0.033*0.022*0.007 m
Annuals matrix 59,867 31,820 0.054*0.042*0.013-0.007 m
Annuals fiber 1 121,072 46,783 0.037*0.027 * 0.007 m
Annuals fiber 2 257,823 116,634 0.042%#0.031*0.008 m
Facet joints 1 3073 1662 0.015*0.013*0.017 m
Facet joints 2 2879 1526 0.013#0.016#0.017 m
ALL 5%17 5%8 5%12.56 mm? (H: 0.014-0.018) m
PLL 5%17 5*%8 5%4.15 mm? (H: 0.022-0.024) m
LF 4*17 5*8 4*15.20 mm? (H: 0.022-0.025) m
TL 8*17 8*8 2#4%1.15 mm? (H: 0.024-0.029) m
CL 20%17 20*8 2#10%*4.2 mm? (H: 0.0007-0.0055) m
ISL 6*17 6*8 67 mm? (H: 0.0015-0.012) m
SSL 1*%17 1*8 1%3.14 mm? (H: 0.018) m

attached to vertebrae as the fixed joints and apply the mesh
to the ligaments (Fig. 1, Table 1).

Material properties

The materials were made in the material library section of
the ANSYS program based on Modulus elasticity and Pois-
son’s ratio for each geometry. Then, as shown in Table 2, the
materials were applied to each geometry in the mechanical
part of the ANSYS program [15, 16, 21, 36-38, 40-49].

Boundary and loading conditions

The loading conditions involved the combination of pure
moment due to the directional movements and pure com-
pression related to the local muscle forces and upper body
weight by considering the movement directions of flexion,
extension, lateral bending, and axial rotation of the two
motion segments, which were derived from the validated
resources for each direction (Fig. 2, Table 3) [33, 50]. In
order to load these bars, the lowest part of the L4 vertebrae
was fixed [39, 46] and the loads were applied on the top part
of L3 vertebrae [11, 15, 21, 24, 36-38, 41, 48, 49].

Validation method
Validation was performed by measuring the internal and

external response and their comparison with experimental
vivo and vitro data. The Range of Motion (ROM), i.e. the
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differences recorded between the angles of two vertebrae
before and after loading the bars in degree represents the
external response. The Intradiscal Pressure (IDP), as the
amount of pressure in the midpoint of the nucleus in the
intervertebral disc in MPa, indicates the internal response
[33, 51]. In addition, the experimental vivo and vitro vali-
dated data for the human lumbar in the position of apply-
ing pure moments and compression have been addressed
by different scholars which can be categorized into the
following three groups as follow:

Group 1 Vitro data by Xu et al. for both ROM and IDP
data [33]

Group 2 Vitro data by Ayturk and Puttlitz [28], Kiapour
et al. [52], Little et al. [27], Liu et al. [53], Park
et al. [32], Schmidt et al. [29], Shirazi-Adl [54],
and Zander et al. [55] for both ROM and IDP data
[50]

Group 3  Vivo data by Pearcy et al. [56], Pearcy and Tibre-
wal (1984) [57], and Pearcy [58] for ROM data
and the vivo data by Wilke et al. for IDP data [33,
50, 59].

Diagrams 1 and 2 display the comparison of the FE
model related to two motion segments of the human lum-
bar spine with previous experimental vivo and vitro data.
The experimental vivo and vitro data of ROM and IDP in
these diagrams indicate an appropriate range of standard
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Table 2 The material properties

Component Element Material properties

Type Form Area of contact (mm2) E (MPa) V Formulation
Cortical bone 10 node tetrahedral (solid) Solid CT scan data 12,000 0.3 Linear Isotropic
Trabecular Bone 10 node tetrahedral (solid) Solid CT scan data 140 0.2 Linear Isotropic
Cartilage endplate 10 node tetrahedral Hyper elastic Mooney-Rivlin® Based on CT scan data 10.4 0.4 Linear Isotropic
Nucleus 10 node tetrahedral Hyper elastic Mooney-Rivlin® 40% of Annuals matrix 1 0.49 Linear Isotropic
Annuals matrix (reinforced 10 node tetrahedral Hyper elastic Mooney-Rivlin® Based on CT scan data 4.2 0.45 Linear Isotropic
by collagen annuals
fibers)
Annuals fiber 1 10 node tetrahedral Hyper elastic Mooney-Rivlin® — 350 0.3 Linear Isotropic
Truss
Annuals fiber 2 10 node tetrahedral Hyper elastic Mooney-Rivlin® — 455 0.3 Linear Isotropic
Truss

Facet Joints 10 node tetrahedral Hyperelastic ~ Mooney-Rivlin® Based on CT scan data 12 0.4 Linear Isotropic
ALL Beam-Tension only Neo-Hookean® 5 * 12.56 10 0.3 Nonlinear isotropic
PLL Beam-Tension only Neo-Hookean® 5 * 4.15 20 0.3 Nonlinear Isotropic
LF Beam-Tension only Neo-Hookean® 4 * 15.20 10 0.3 Nonlinear Isotropic
TL Beam-Tension only Neo-Hookean® 2 * 4 * 1.15 20 0.3 Nonlinear Isotropic
CL Beam-Tension only Neo-Hookean® 2 * 10 * 4.2 20 0.3 Nonlinear Isotropic
ISL Beam-Tension only Neo-Hookean® 1 %7 10 0.3 Nonlinear Isotropic
SSL Beam-Tension only Neo-Hookean® 6 * 3.14 10 0.3 Nonlinear Isotropic

ALL anterior longitudinal ligament, PLL posterior longitudinal ligament, FL flaval ligament, CL facet capsular ligament, /7L intertransverse liga-

ment, ISL interspinous ligament, and SSL supraspinous ligament
“Because of having the role of fluid

"Due to being not compressed material

deviation for validating the data. Thus, the validity of the
data is confirmed for each type of study and analysis [33].

Simplifying the material of two motion segments

To make the simplified structure for future modeling, the
two motion segments should be simplified in four continu-
ous steps in order to evaluate the effect of each material
in the behavior of the two motion segments. In each step,
the changes added to the previous steps are not considered
instead. The ROM and IDP data were derived for analysis
and validation. Further, the stress and strain curves were
derived for analysis.

Step 1  Simplify two motion segments by omitting the
annual fibers of the annual matrix which work just
in extension.

Step 2 Simplify two motion segments without annual fib-
ers by representing the material of annual matrix to
the nucleus part of the intervertebral disc to make
the integrated intervertebral disc.

Step3  Simplify two motion segments without annual fib-
ers by representing the same material of annual
matrix material to nucleus and endplates to make a
better integrated intervertebral disc.

Step4  Simplify two motion segments without annual fib-
ers and the same material for annual, nucleus, and
endplate by omitting the trabecular parts of ver-
tebrae to make the light structure during the last
step of simplification in the material part of the
structure in two motion segments.

Results

All of the results related to the validated model and sim-
plified models were based on the model under pure com-
pression and moments according to its directions includ-
ing flexion, extension, lateral bending, and axial rotation.
The equivalent von-mises stress was calculated due to the
hydraulic behavior of the intervertebral disc and facets
joints[33]. Diagrams 1 and 2 display the amount of the IDP
and ROM data for the validated FE model of two motion
segments of the human lumbar spine in all four directions.
Diagrams 3, 4, 5, and 6 illustrate the comparison of the
analyzed data related to IDP, ROM, stress curve, and strain
curve for all four positions of flexion, extension, lateral
bending, and axial rotation in the ANSYS software for four
continuous simplified steps.
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(d)

Fig.2 a The combined loads of flexion, b the combined loads of
extension, ¢ the combined loads of lateral bending, d the combined
loads of axial rotation

Table 3 The amount of Loads

Body position Compressive force (N) Moment (Nm)
Flexion 1175 7.5
Extension 500 7.5
Lateral bending 700 7.8
Axial Rotation 720 5.5

@ Springer

Step 1: the two motion segments without annual
fibers

By omitting the annuals fibers which just function in exten-
sion, the IDP of 1.057, 0.187, 0.529, and 0.528 MPa, and
ROM of 1.20, 0.118, 0.78, and 0.6° were obtained for flex-
ion, extension, lateral bending, and axial rotation, respec-
tively. The stress and strain curves indicated that the maxi-
mum stress of 77.3 MPa occurs in a cortical part of L3 in
the lateral bending direction while the maximum strain of
1.32 m/m happens in the annual part of the flexion.

Step 2: representing the material of annual
to the nucleus

By changing the material of the nucleus by representing the
material of annual to make the simple intervertebral disc,
the IDP of 1.55, 0.187, 077, and 0.76 MPa, and ROM of
1.15°, 0.12°, 0.74°, and 0.54° were obtained for flexion,
extension, lateral bending, and axial rotation, respectively.
The stress and strain curves showed that the maximum stress
of 73.9 MPa happens in a cortical part of L3 in the lateral
bending direction while the maximum strain of 1.23 m/m
occurs in the annual part of the flexion.

Step 3: representing the material of annual
to the endplates

The IDP of 1.54, 0.267, 0.772, and 0.768 MPa, and ROM
of 1.27°, 0.105°, 0.83°, and 0.6° were obtained for flexion,
extension, lateral bending, and axial rotation, respectively,
by changing the material of the endplates similar to the pre-
vious step by representing the material of annual to make
the intervertebral disc with one material. Based on the stress
and strain curves, the maximum stress of 81.8 MPa happens
in a cortical part of L3 in the lateral bending direction and
the maximum strain of 1.78 m/m occurs in the annual part
of the flexion.

Step 4: omitting the trabecular part of vertebrae

The IDP of 1.495, 0.263, 0.747. 0.741 MPa, and ROM of
1.23°,0.105°, 0.77°, 0.52° were obatined for flexion, exten-
sion, lateral bending, and axial rotation, respectively, by
omitting the trabecular part of vertebrae to make the light
structure with one material. The stress and strain curves
indicated that the maximum stress of 83 MPa happens in
the cortical part of L3 in the lateral bending direction and
the maximum strain of 1.82 m/m occurs in the annual part
of the flexion.
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Diagram 1 Intradiscal pressure 2
(IDP) for two motion segments
of this study in compare of the 1.8
other studies in a flexion, b
extension, ¢ lateral bending, and 1.6
d axial rotation .
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and d axial rotation
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O .

Flexion L3/ L4

Intervertebral rotation (Degree)
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W Vivo data ® Vitro data (Group one)

Discussion

As shown in Diagrams 1 and 2, the FE model of the L3/
L4 before simplification was validated under both pure com-
pression and moment in four directions of flexion, extension,
lateral bending, and axial rotation by checking its internal
(IDP) and external response (ROM) with the experimental
vivo and vitro data [33, 50]. According to the IDP diagram
in Diagram 1, the flexion and extension IDP data seem to
be closer to the minimum data of group 1 and 2 vitro data

Vitro data (Group two) ™ This project data

0

J_Extension L3/ L4 Lateral bending L3/ L4 Axial rotation L3/ L4

Vitro data (Group two) M This project data

(1 £0.05 MPa and 0.2 +0.05 MPa for flexion and extension,
respectively) [27-29, 32, 33, 50, 52-55], while they have
0.6 and 0.4 MPa differences with the flexion and extension
IDP vivo data for human lumbar spine L4/L5 for the lack
of vivo IDP data for L3/14, respectively, obtained by Wilke
et al.[59] (Diagram la, b). Further, the lateral bending and
axial rotation IDP data are closer to the median of both the
vitro (Group 1 and 2) [27-29, 32, 33, 50, 52-55] and vivo
IDP experimental data (0.6 MPa, 0.6 MPa for lateral bend-
ing and axial rotation, respectively), as reported Wilke et al.
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Diagram 3 Intradiscal pressure
(IDP) for two motion seg-
ments in four steps of material
simplifications in a flexion, b
extension, ¢ lateral bending, and
d axial rotation

Diagram 4 Range of motion
(ROM) for two motion seg-
ments in four steps of material
simplifications in a flexion, b
extension, c lateral bending, and
d axial rotation

[59] (Diagram lc, d). In summary, all the IDP data are vali-
dated since they all appear in the standard deviation range of
experimental vitro data. As shown in the ROM in Diagram 2
for FE of human lumbar spine, all ROM data are lower than

@ Springer

Interadiscal pressure (Mpa)

o
o N

Interadiscal pressure (Mpa)

Intervertebral rotation (degree)

Intervertebral rotation (degree)

=
[SI

©c oo
o o R

° o o
IN o o

o
)

0

1.4

1.2

[y

0.

0o

0.

(o)}

0.

D

0.

N

0.8

0.6

0.4

0.2

Flexion

IIIII (a)

Lateral bending

IIIII (c)

u My thesis with fiber

m My thesis without fibers

= The same material for nucleas and annuals

Flexion

IIIII (@)

Lateral bending

IIIII (0

u My thesis with fiber
® My thesis without fibers

1 The same material for nucleas and annuals

o
w

0.25

o©
)

0.15

0.1
0.05

Interadiscal pressure (Mpa)

0

1N o o
» ) 3

©
[N}

Interadiscal pressure (Mpa)

© ©
© b
- N S

e o ©
o o o
[T

Intervertebral rotation (degree)
o
o
53

=]

0.6
0.5
0.4
0.3
0.2
0.1

Intervertebral rotation (degree)

Extension

IIIII (b)

Axial Rotation

IIIII @

" The same material for endplate, nucleas, annuals

W The same material for endplate, nucleas, annuals and
deleting trabecular

Extension

IIIII (b)

Axial rotation

IIIII )

= The same material for endplate, nucleas, annuals

M The same material for endplate, nucleas, annuals and
deleting trabecular

the vitro ROM data of groups 1 and 2 in all four directions
of flexion, extension, lateral bending, and axial rotation in
the degrees of —3, —2, —3, and —0.5, respectively [27-29,
32,33, 50, 52-55], while all these ROM data except flexion
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Diagram 5 Stress curves for Flexion Stress
two motion segments in four 600
steps of material simplifica-

tions in a flexion, b extension, 500
c lateral bending, and d axial

rotation
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(—12°) are in the range of vivo data, as reported by Pearcy
et al. [57], Pearcy and Tibrewal [57], and Pearcy [58] (Dia-
gram 2b, c, and d). Like ROM experimental vitro data for
flexion (—8°) [27-29, 32, 33, 50, 52-55], the present ROM
data for flexion has more difference with the experimental
vivo ROM data by some researchers (Pearcy et al. [56],
Pearcy and Tibrewal [57], and Pearcy [58]in flexion data
(Diagram 2a). Thus, the most ROM data were in the stand-
ard deviation range of vivo validating data except for ROM
data in the flexion direction in which some differences were
observed between its vivo and vitro data in the experimental
validation data (the range of the validatation vitro data was
out of the range of vivo data in flexion ROM data). The dif-
ference in the results was expected given some characteristics
related to source data such as sex, age, level of degeneration,
and specimens [50], and different types of CT scan (CT scan
machine and distance between CT scan slices), as well those
in the experimental setup. Finally, the model was validated
since most of the data were found in the standard deviation
range of the experimental vivo or vitro data. The maximum
stress and strain happened in inner annual fibers while the
minimum occurred in outer annual fibers in all four direc-
tions of flexion, extension, lateral bending, and axial rotation.

Extension Stress

80

(b)

0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2

Rotation Stress
300

250

)

o
o
<]

Stress (MPa

0 M (d)

0 0.5 1 1.5

The same material for endplate, nucleas, annuals

® The same material for endplate, nucleas, annuals and
deleting trabecular

In addition, the simplifications of the materials were
observed on the validated FE model of human lumbar spine
L3/L4 in four continuous steps (Diagrams 3, 4, 5, and 6). As
shown in the IDP diagrams, the result in each step is similar
(less than 5% compared to the previous step) except between
steps one and two (changing the material of nucleus), which
have 0.4, 0.1, 0.25, and 0.24 MPa differences in the directions
of flexion, extension, lateral bending, and axial rotation, respec-
tively. Based on these differences, an increase of approximately
50% is observed, since the changes in the nucleus material and
IDP indicates the amount of pressure in the nucleus part (Dia-
gram 3). Despite the degree of difference with FE model of this
study, all these data of IDP are in the standard deviation range
of the experimental vivo data by Wilke et al. [59] and vitro
data in group 1 and 2 [27-29, 32, 33, 50, 52-55], as shown in
Diagram 1. Based on the ROM diagrams, all of the data in the
four steps of simplifications are closer to each other (+0.05°
near the 5%) (Diagram 4). Based the similarities in ROM and
IDP data in each direction except the IDP between the steps one
and two, which are in the range of experimental vivo and vitro
data, these data were validated indicating a promising approach
towards material simplifications for further structure based on
the human lumbar spine L3/LA4.
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Diagram 6 Strain curves for
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As illustrated in Diagram 5, based on the stress curve,
in all of the continuous steps except the step one, the same
stress data (+5%) are observed while a considerable
decrease occurs in the steps 1 to 2 by omitting the annual
fibers i.e. a reduction of 500, 30, 250, and 250 MPa around
—90%, —50%, —75%, and —90% for flexion, extension,
bending and rotation, respectively. In addition, the maximum
stress changes from the annual fibers to the cortical part of
L3, which can be related to omitting the annual fibers. Fur-
ther, the reduction in stress results in simulating method for
further structure due to less stress in the further models. As
illustrated in Diagram 6, the strain curve indicated that the
results have a variance of +0.4,+0.1,+0.1, and+ 0.3 m/m
(£ 40%,+25%,+35%, and +25%) with the normal FE
model data for flexion, extension, bending and rotation,
respectively. Furthermore, the maximum strain change was
observed in the maximum strain from the annual fiber to
the annual part in all of the four continuous steps except the
extension and lateral bending directions of solo in the step 1,
the maximum strain of which is in the nucleus part.

By simplifying the material of the human lumbar spine
and validating its data, it is possible to develop the structure
with the anatomical and mechanical role of human lumbar
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The same material for endplate, nucleas, annuals

M The same material for endplate, nucleas, annuals and
deleting trabecular

spine but only with four main parts of cortical bone instead
of the whole vertebrae, as well as the annual matrix instead
of a the whole intervertebral disc, ligaments, and facet joints.
Therefore, the way of changing one part of two motion seg-
ments with prosthesis or making the structure based on this
structure for both aspects of implanting or building joints
reduces the time by material considerations of FE modeling.

Conclusion

The basic model for the implants, prosthesis, structures, and
modeling in the human lumbar spine has been developed
from the validated FE model of the standard human lumbar
spine. The FE of the human lumbar spine was made based on
CT scan data as the foundation for the vertebrae geometry,
verified geometry data for making the other parts of two
motion segments manually, and verified material data. In
addition, the FE model was designed under the combination
bars of pure compression and moments in four directions of
flexion, extension, lateral bending, and axial rotation. Then,
the human lumbar spine was simplified in material parts in
four steps of omitting the annual fiber (annual fibers just
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work in extension), representing the annual matrix mate-
rial to nucleus, demonstrating the annual matrix material to
endplates, and omitting the trabecular part of vertebrae in
order to make the light structure in a series of continuous
steps. Accordingly, the data obtained from the analysis were
checked for ROM and IDP based on the validated normal
model data in order to analyze their internal and external
response against the loads in different directions and obtain
their stress and strain curves. Based on the results, the ROM
and IDP data are generally consistent with the normal FE
model as basic FE model in each direction except the IDP
between the steps 1 and 2, which are in the range of experi-
mental validated vivo and vitro data. Further, the modeling
method introduced in this study was valid for describing
an accurate building design of simple structure based on
the anatomic and biomechanics of the human lumbar spine.
Furthermore, the validated method can be used in future
lumbar spine models for making a prosthesis, implant,
or treating the lumbar diseases, and using in architecture
driven based on nature approaches and in planning industrial
spaces. Additionally, it can inspire structural configurations
which are aesthetically satisfactory, while offering modu-
lar solutions for lightweight, dynamic, and stable structure.
The human lumbar spine is considered as an example of
many structures within the human body which can poten-
tially influence future modeling and construction technique
toward better-integrated solutions.
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