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ABSTRACT

Aim To investigate biomechanical properties of low back pain, which is a pervasive issue with a profound
impact on an individual’s quality of life due to pain and daily activity limitations.

Methods Two female patients suffering from chronic low back pain were presented. Patient 1 had severe
compression fractures at L2 and L4, while Patient 2 had degenerative lumbar scoliosis due to L4-5 disc
degeneration. We utilized Finite Element Analysis based on patient-specific CT scan data of lumbosacral
3D reconstruction to quantify the stress intensity as a measurement, known as Von Mises Stress. The recon-
struction of the data was performed using specialized software, and simulations were conducted using Ansys
2020. To validate our results, we compared them to previous simulations.

Results Patient 1 exhibited the highest Von Mises stress in the annulus fibrosus at L2-L3 during axial ro-
tation (84.168 MPa) and in the nucleus pulposus at L2-3 during anterior flexion (16.722 MPa). Patient 2
displayed the highest Von Mises stress both in the annulus fibrosus and nucleus pulposus at L1-L2 during
axial rotation (0.515 MPa and 0.0594 MPa, respectively).

Conclusion Our findings can help identify the segments at the highest risk for developing lumbar spondylo-

sis and disc degenerative disorders by quantifying Von Mises stress in the lumbosacral region.
Keywords: disc degeneration; finite element analysis; low back pain; lumbosacral spondylosis.

INTRODUCTION

Lumbosacral spine is referred to as the lower segment of the
spinal column, consisting of the lumbar vertebrae (L1-L5)
followed by the sacrum (S1). The intervertebral discs, which
consist of the annulus fibrosus and the nucleus pulposus, are
located between each adjacent vertebrae. Spine comprises
complex structures such as vertebrae, intervertebral discs, lig-
aments, and muscles. Degeneration can occur in the interverte-
bral discs, which can cause pain in the lower back (1,2).

Low back pain (LBP) represents a prevalent issue that signifi-
cantly impacts quality of life. It is primarily attributed to the
considerable discomfort experienced in the lower back, espe-
cially the lumbosacral region, and the subsequent impairment
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in carrying out routine daily activities. Lumbar disc degenera-
tion is a progressive disease that alters the geometric morphol-
ogy and biomechanical properties, affecting the transmission
and allocation of the lumbar spine (2,3). Lumbar disc degen-
eration can be caused by age, gender, body mass index (BMI),
and lumbar load (3). The most common cause of LBP in older
individuals is attributed to degenerative processes affecting
various components of the spinal column, including each spi-
nal segment, facet joints, intervertebral discs, and the support-
ing muscles and ligaments of the vertebral column. The degen-
erative process is caused by compressive forces, commonly
known as axial loading, acting upon each segment of the spinal
column and intervertebral disc (2,3,4). Understanding the un-
derlying mechanism of lumbar disc degeneration that causes
pain is essential when analysing the basic principles of spine
biomechanics, developing new surgical methods, and identify-
ing optimal treatment options (1,5).

Numerous analyses of in vitro experiments have been con-
ducted to comprehend the impact of spine biomechanics in
disc degeneration. These experiments include bony stress (6),
lumbar spine range of motion (ROM) (7), intradiscal pressure
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(8), and lumbar spine strain rate (9). However, studies relying
on experiments are not sufficient, as such tests depend on the
availability of specimens and cannot adequately control for
different disc degenerative changes. Identifying mechanical
differences caused by intervertebral disc degeneration can be
simplified and made more accurate using finite element mod-
elling (10-12). By determining the magnitude of von Mises
stress obtained in each lumbosacral segment, we can estimate
which segments are at the highest risk and can develop into
lumbar spondylosis or further disc degenerative disorders.
The aim of this study was to understand the biomechanical
properties of lumbar spine in patients suffering from low back
pain by determining the von Mises stress using finite element
modelling.

PATIENTS AND METHODS

Patients and study design

Two patients who experienced low back pain (LBP) attended
to Sultan Agung Hospital in 2022 were presented. Patient | is
a 62-year-old female who suffered a severe old compression
fracture of the second lumbar (L2) and a mild compression
fracture of the fourth lumbar (L4) disc. Patient 2 is a 46-year-
old female who suffered degenerative lumbar scoliosis due to
intervertebral disc L4-5 degeneration.

Both patients underwent 3D reconstruction lumbosacral CT
scan and the obtained output was saved as DICOM (Digital
Imaging and Communications in Medicine) file. The measured
anthropometric parameters were lumbar lordosis, ventral disc
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height, and dorsal disc height (13). Lumbar lordosis angle was
measured by Cobb’s method by forming two lines (Figure 1A),
i.e. the line drawn perpendicular to lumbar vertebra one upper
plate and lumbar vertebra five endplate perpendicular line (14,
15). Ventral disc height (VDH) and dorsal disc height (DDH)
(Figure 1B) are the distance between the ventral and dorsal
ends of the lumbar disc (13). Measurement was done using
mimics 21.0 software with the measure features.

The geometry model was produced from the CT scan data in
the form of a DICOM file which then entered the Mimics 21.0
software (Figure 1C and 1D) for the lumbar vertebral bone
segmentation process and the smoothing model process, so
that the finished model was entered into the Geomagic Studio
12.0 software for the surfacing process (Figure 1E and 1F).
SolidWorks 2018 and Design Modeller software were used for
the process of making intervertebral discs. For meshing and
simulation (Figure 1G and 1H), ANSY'S 2020 R1 software was
used (2,10,14,16-17).

Methods

The simulation of loading on the first lumbar to the first sacral
began by conducting a meshing convergence study. The model
lumbar one to sacral one used in this convergence study con-
tained 31 models consisting of six cortical bone, five cancel-
lous bone, five upper endplate, five lower endplate, five annu-
lus fibrosus, and five nucleus pulposus. The element size used
in this simulation refers to literature studies that have been
carried out and follow research conducted by Kang et al. (18).
Material properties on each lumbar vertebral component were
from Kang et al. previous research (18). Following that, each
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Figure 1. A) Measurement of lumbar lordosis angle; B) Ventral and dorsal disc height measurement; C) Convert geometry model
and segmentation process using Mimics 21.0 software in patient 1; D) Convert geometry model and segmentation process using
Mimics 21.0 software in patient 2; E) Smoothing and finalization using Geomagic Studio 12.0 software in patient 1; F) Smoothing
and finalization using Geomagic Studio 12.0 software in patient 2; G) Meshing process using ANSYS 2020 R1 in patient 1; H)
Meshing process using ANSYS 2020 R1 in patient 2; I) Simulation with several loading directions using ANSYS 2020 R1 in patient 1;
J) Simulation with several loading directions using ANSYS 2020 R1 in patient 2; K) Moment and fix support location
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Figure 2. Validation by comparing the result of simulation
with Kang et.al simulation. A) showing result for patient 1; B)
showing result for patient 2

spinal component was modelled as an isotropic linear-elastic
material defined by Young’s modulus (representing stiffness)
and Poisson’s ratio (representing lateral deformation during
axial loading) (18). For the validation process, material proper-
ties of both normal and osteoporotic bones were used; howev-
er, for the subsequent analyses in this study, only the material
properties of normal bones were applied.

The loading ratio is a calculation of the ratio of changes in
the von Mises stress value between normal bone conditions
and bone conditions that experience osteoporosis. The loading
ratio calculation was carried out with the formula (A-B)/B x
100%, where A and B stand for the condition of osteoporotic
bones and normal bones, respectively (Figure 2).

The load given to the lumbar vertebrae was adjusted to the
basic motion in the human lumbar vertebrae (Figure 11 and
1J), namely anterior flexion-extension, lateral bending, and ax-
ial rotation (18). The sacrum bone affords fixed support while
the upper surface of the lumbar vertebral one cortical bone re-
ceives load in the form of motion (Figure 1K).

Statistical analysis

The validation process of the simulation results was deter-
mined by comparing the loading ratio findings of the author’s
simulation with the simulation findings carried out by Kang et
al. (18). We used the material properties of each lumbar spine
component based on the previous study by Kang et al. (18)
(Table 1). Validation using geometric parameters could not be
performed because the initial CT data used to reconstruct each
lumbosacral segment were obtained from scans conducted at

Table 1. Material properties of lumbar vertebral component

Components Modulus young (MPA) Rasio poisson (-)

of the lumbar

vertebrae Normal Osteoporosis Normal Osteoporosis
Cortical Bone 12000 8040 0.3 0.3
Cancellous Bone 200 34 0.25 0.25
Endplate 1000 670 0.3 0.3
Nucleus Pulposus 1 9 0.49 0.4
Annulus Fibrosus 4.2 5 0.45 0.45
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Sultan Agung Islamic Hospital, whereas Kang et al. used a dif-
ferent CT dataset. The original geometric data (e.g., exact ver-
tebral and disc dimensions) from Kang et al. were not available
for direct comparison; therefore, one-to-one geometric valida-
tion between the two models was not feasible.

RESULTS

Based on the lumbar lordotic angle measured using Cobb’s
method, Patient 1 had a lumbar lordosis of 9.54°, whereas Pa-
tient 2 had a lumbar lordosis of 26.50° (Table 2). The loading
ratio data obtained from the simulation results of the first lum-
bar bone to the first sacral bone showed the same trend as the
loading ratio reported by Kang et al. (18) (Figure 2).
Computer simulations were performed on both patients from
vertebra lumbar one to sacral one with three different loading
conditions, with a moment of 400 Nm on the upper surface of
lumbar one. Von Mises stress was calculated from the com-
puter simulation result on vertebral body (Figure 3A and 3D),
annulus fibrosus (Figure 3B and 3E) and nucleus pulposus
(Figure 3C and 3F), respectively.

Table 2. Disc height measurement

Ventral Disc Height Dorsal Disc Height
Vertebra (VDH) (mm) (DDH) (mm)
lumbal
Patient 1  Patient2  Patient1  Patient 2

L1-L2 6.79 7.53 6.21 3.22
L2-1L3 9.69 8.32 6.04 3.32
L3-L4 11.95 8.46 7.12 3.84
L4-15 13.90 13.35 7.17 6.01
L5-S1 18.22 12.06 6.67 5.03

Simulation of Patient 1

Through variations in loading conditions, different maximum
points of von Mises stress occurred in the modelling of the
lumbar one to sacral one. Under anterior flexion and lateral
flexion loading conditions, the maximum von Mises stress
point occurred in the upper endplate component of L3-L4 with
the von Mises stress value of 391.16 MPa. Under axial rotation
loading conditions, the cortical bone component had the high-
est value of von Mises stress in 172.52 MPa.

The minimum von Mises stress points in the various loading
conditions of the modelling of lumbar one to sacral one all
occurred in the nucleus pulposus component of L5-S1. Under
anterior flexion loading variation, the von Mises stress value
in the nucleus pulposus component of L5-S1 is 0.88315 MPa.
Under axial rotation and lateral flexion loading variations, the
von Mises stress values were 5.4451 MPa and 2.0629 MPa,
respectively.

In this study, a three-dimensional simulation was performed to
visualise the distribution of von Mises stress on the surfaces of
the cortical bone, annulus fibrosus, and nucleus pulposus. The
distribution of von Mises stress on the cortical bone surface
was evenly spread without any region of stress concentrated
in the central area of the cortical bone. The colour contours
depicted the formations resulting from different loading condi-
tions on the intervertebral disc, which consists of the annulus
fibrosus and nucleus pulposus models. In the nucleus pulpo-
sus model with lateral flexion loading variations, it is evident
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Figure 3. Von Mises stress in patient 1 and 2. A) Von Mises stress of vertebral body patient 1; B) Von Mises stress of annulus fibrosus
patient 1; C) Von Mises stress of nucleus pulposus patient 1; D) Von Mises stress of vertebral body; E) Von Mises stress of annulus

fibrosus patient 2; F) Von Mises stress of nucleus pulposus patient 2

that in the central region of the L2-3 to L4-5 nucleus pulposus
models experienced high von Mises stress. This is indicated by
the presence of red colour in the simulation results.

Based on the simulations performed on the modelling of the
lumbar one to sacral one in patients, lower back pain attribut-
able to lumbar spondylosis can be observed. The highest von
Mises stress on the intervertebral disc for different loading
conditions was seen in the annulus fibrosus and nucleus pul-
posus of L2-L3. The von Mises stress in the annulus fibrosus
of L2-L3 is 64.967 MPa under anterior flexion loading, 84.168
MPa under axial rotation loading, and 44.141 MPa under lat-
eral flexion loading. In the nucleus pulposus, the von Mises
stress was 16.722 MPa under anterior flexion loading, 12.747
MPa under axial rotation loading, and 10.544 MPa under lat-
eral flexion loading.

Simulation of Patient 2

It was observed that the average value of von Mises stress in the
annulus fibrosus and nucleus pulposus components followed
the same pattern, with the most significant von Mises stress
values occuring in the discs of the lumbar vertebrae L1-L.2 un-
der each lateral bending, anterior flexion-extension, and axial
rotation loading conditions respectively, were 0.09 MPa, 0.13
MPa, and 0.20 MPa. The von Mises stress values (MPa) for
the transient annulus fibrosus for the nucleus pulposus are 0.01
MPa, 0.02 MPa, and 0.02 MPa. Then, the von Mises stress of
the annulus fibrosus and nucleus pulposus components on the
lumbar intervertebral disc L2-L3 decreases under each loading
condition of lateral bending, anterior flexion-extension, and
axial rotation loading respectively, were 0.06 MPa, 0.08 MPa,
and 0.12 MPa for the annulus fibrosus, while for the nucleus
pulposus are 0.009 MPa, 0.012 MPa, and 0.011 MPa. The val-
ues of the annulus fibrosus and nucleus pulposus components
in the lumbar intervertebral disc L3-L4 also decreased under
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each condition of lateral bending, anterior flexion-extension,
and axial rotation loading conditions are 0.05 MPa, 0.08 MPa,
and 0.05 MPa for the annulus fibrosus, and for the nucleus pul-
posus they are 0.009 MPa, 0.012 MPa, and 0.008 MPa, respec-
tively.

After obtaining the average von Mises stress value, we deter-
mined the maximum stress value and location, especially in the
annulus fibrosus component, which support the load received
by the lumbar vertebrae bone while surrounding and protecting
the component in it, namely the nucleus pulposus, which is a
gel liquid. Annulus fibrosus that has undergone degeneration
(thinning) can cause pain, and worst of all, can suffer damage
where it is no longer able to protect the nucleus pulposus, so
that when the vertebral bone receives the load of the nucle-
us pulposus, it can come out through the gap of the fibrosus
annulus that has been damaged, or what is commonly called
the Hernia Nucleus Pulposus (HNP) (25). This often occurs
mainly in the dorsal part of the intervertebral discs. Stress
concentration of the annulus fibrosus component is highest
in lumbar vertebrae 1-2 when experiencing axial rotation and
anterior flexion-extension loads, namely 0.51 MPa and 0.39
MPa. However, for lateral bending stress concentration loads
found in the annulus fibrosus vertebra lumbar 5 - sacral 1 is
0.35 MPa. This is due to the patient experiencing degenerative
lumbar scoliosis in the lower lumbar vertebrae so that the bone
structure becomes asymmetrical but more inclined to the right
of the patient. The result of degenerative lumbar scoliosis is
also seen when the lumbar vertebral bone experiences axial
rotation load, the maximum stress value of the annulus fibrosus
is found, which is also significant in the discs of the lumbar 4-5
and the lumbar 5 — sacral 1 are 0.41 MPa and 0.39 MPa. The
contour plots of the lumbar vertebrae illustrate both the mag-
nitude of the von Mises stress and the locations of stress con-
centration within the annulus fibrosus and nucleus pulposus.



DISCUSSION

Simulation analyses of Patient 1

Based on the loading data obtained from the simulations con-
ducted, von Mises stress occurred while the modelling was ex-
posed to variations of lateral flexion loading conditions. The
highest von Mises stress value was noted in the upper endplate
component of L3-L.4 with a von Mises value of 451.46 MPa.
The lowest von Mises stress value was noted in the nucleus
pulposus component when subjected to anterior flexion load-
ing conditions, with a value of 0.88315 MPa.

Patient 1 suffered an old compression fracture of the second
and fourth lumbar, leading to loss of lordosis (9.54°), while
the normal range of lumbar lordosis in the adult population
measured by Cobb’s angle technique is between 40-60° (19).
The loss of lumbar lordosis due to an old compression fracture
can indeed have an impact on von Mises stress distribution in
the spine. Lumbar lordosis refers to the natural curve of the
lower spine, which helps to distribute forces and loads evenly
throughout the vertebral column during various activities (20).
When a vertebral compression fracture leads to a loss of lumbar
lordosis, the normal alignment of the spine is disrupted. This
altered spinal alignment can put uneven distribution of mechan-
ical loads across the vertebral bodies, discs, and other support-
ing structures. Therefore, certain spine areas might experience
higher stress concentrations, including von Mises stress (21,22).
The loss of lumbar lordosis can lead to a more flattened or
kyphotic alignment of the spine, which can affect the biome-
chanics of weight-bearing and movement (19). This change in
alignment may cause the vertebral bodies to experience differ-
ent loading patterns than they would in a healthy spine with
the normal lumbar lordosis. Consequently, some regions of
the spine may be subjected to higher stress levels due to the
changed loading conditions, potentially leading to increased
von Mises stress. An old vertebral compression fracture can
lead to higher von Mises stress as a result of changes in the
mechanical properties of the affected vertebral body (20,22).
When a vertebral compression fracture occurs, the structural
integrity of the vertebral body is compromised, lowering its
capacity to withstand mechanical loads. As the vertebral body
heals over time, it may become more rigid and less flexible
compared to a healthy vertebral body. This altered mechanical
behaviour can result in an uneven distribution of stress during
weight-bearing activities. The surrounding areas of the healed
fracture site might experience higher stress concentrations,
which can lead to an accumulation of stress and ultimately re-
sult in higher von Mises stress (20-22) (Figure 3A-C).
Additionally, the altered geometry and biomechanics resulting
from the healed fracture can disrupt the natural load distribu-
tion within the spine, causing neighbouring vertebral bodies to
compensate for the compromised structural integrity. This com-
pensation can further contribute to increased stress on certain re-
gions of the spine, including the area of the old fracture. In sum-
mary, an old vertebral compression fracture can lead to higher
von Mises stress caused by changes in the mechanical properties
of the healed vertebral body, altered load distribution, and poten-
tial compensatory mechanisms within the spine (18,23).

Simulation analyses of Patient 2

Current literature indicates that lumbar spondylosis is common-
ly caused by intervertebral disc degeneration, which is charac-
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terized by narrowing of the intervertebral joint space. By look-
ing at the value of the von Mises Stress in the intervertebral disc
component, it has been noted that the von Mises stress value of
intervertebral disc (annulus fibrosus and nucleus pulposus) has a
reciprocal relationship with the value of the lumbar disc height
parameter, where the most significant average von Mises stress
is found in the discs of lumbar 1-2 with ventral parameters and
dorsal disc height values of 7.53 mm and 3.22. The average von
Mises stress value of the lumbar vertebra 2-3 disc decreased as
far as the ventral parameters and the dorsal disc height increased
to 8.32 mm and 3.32 mm. Continuing at the average of the von
Mises stress value, the discs of the lumbar vertebrae 3-4 also
decreased as many ventral parameters and dorsal disc height in-
creased to 8.46 mm and 8.46 mm (24-26).

Patient 2 suffered from degenerative lumbar scoliosis, which
is represented as asymmetry of the lateral curve of the lumbar
segment. This condition is caused by disc degenerative disease
with uneven load distribution leading to an unequal portion of
the disc shape. In degenerative lumbar scoliosis caused by disc
degenerative disease, the correlation with von Mises stress is
complex and influenced by various biomechanical factors. It is
interesting to note that the highest von Mises stress occurs in
the upper lumbar region, while the apex of degenerative sco-
liosis curvature is in the L4-5 region (28,29) (Figure 3D-F).
This phenomenon can be explained by considering the altered
biomechanics and load distribution associated with the scoliot-
ic curvature as follows.

Altered alignment. The presence of a scoliotic curve result-
ing in an abnormal lateral curvature of the spine. This altered
alignment shifts the load-bearing dynamics and introduces
asymmetrical forces on the vertebral bodies, discs, and facet
joints. The spine adapts to this misalignment by redistributing
loads across different regions (28,30).

Compensation mechanisms. The spine has an inherent ability
to compensate for misalignments. In the case of degenerative
lumbar scoliosis with an apex at L4-L5, the upper lumbar re-
gion (above the apex) may undergo compensatory changes
to maintain overall spinal balance. This can lead to increased
stress in the upper lumbar vertebrae, as they work to support the
imbalanced forces resulting from the scoliosis curve (28,31).
Changes in load distribution. The scoliotic curvature can cause
the vertebral discs to experience uneven loading. The discs in
the upper lumbar region might have to bear a larger portion
of the load due to the curvature’s effects. As a result, the von
Mises stress may be higher in these upper lumbar discs, re-
flecting the increased mechanical demands placed upon them.
This condition is synchronous with the condition occurring in
Patient 2, where the intervertebral disc at the level L1-2 has
less height than other levels (30,31).

Facet joint mechanics. The facet joints are important structures
that guide spinal movement and distribute loads. In scoliosis,
the facet joints may experience abnormal loading due to the
altered alignment. This could increase stress concentrations,
especially in regions where the alignment changes (28,29).
The limitations of this study were: Finite Element model used
in this research does not include tendons, ligaments, and mus-
cles. Further finite element analyses using a combination of
lumbosacral MRI and CT scans are necessary. Hydrostatic
pressure was not included in our analysis; therefore, the results
of our study reflect changes in overall stress intensity rather
than pure compressive—tensile loading. In addition, this study
does not account for the anisotropy of bone tissue or the role
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of interstitial fluid, which is an important factor in the mechan-
ics of intervertebral discs. Future studies should incorporate
these to accurately represent the mechanical response; the load
applied in this simulation is based on a reference of 400Nm
from a study conducted by Kang et al. Simulation using the
patient’s body weight as a load can be used to obtain more real-
istic results, perform finite element analyses involving a larger
sample size and a greater variability of lumbar abnormalities;
performing finite element analyses utilizing the entire vertebral
segment from the cervical to the lumbosacral region.

In summary, the correlation between degenerative lumbar
scoliosis and von Mises stress involves complex interactions
between altered alignment, compensatory mechanisms, load
distribution, and facet joint mechanics. The specific location
of the highest von Mises stress (upper lumbar region) can be
attributed to the adjustments the spine makes to accommodate
the scoliotic curvature and maintain balance. It should be kept
in mind that this explanation is a simplified overview, and the
actual biomechanics involved can be more intricate and influ-
enced by individual factors. (28-31).

In this study, the reconstruction of vertebra lumbar 1-sacral 1
has been carried out as well as a comprehensive analysis of
finite elements for von Mises stress that occurs in the recon-
struction results of lumbar 1 to sacral 1. The results of this
study can be concluded as follows: finite element modelling
can offer a more straightforward and more accurate method of
analysis in finding mechanical changes due to lumbar curve
alteration and/or intervertebral disc degeneration; patient 1 had
an old compression fracture of the second and fourth lumbar,
which can lead to higher von Mises stress due to changes in
the mechanical properties of the healed vertebral body, altered
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