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Biomechanical analysis of the lumbar spine under different loading conditions
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ABSTRACT: The human body is exposed to many forces and moments during daily activities. The
spine is one of the most important structures that bear these forces and may be prone to multiple injuries.
Therefore, numerical modeling and analysis of the lumbar spine under various loading conditions is
very beneficial to prevent injuries. This study aims to provide a valid finite element model of the L4-L5
segment of the human lumbar spine for static analysis. The model includes two vertebrae, intervertebral
discs, end plates, and ligaments. To model the mechanical properties of the lumbar spine, elastic and
hyperelastic behaviors have been used for different parts of the spine. Moreover, stress and strain
distribution in different tissues, under various loading conditions, were compared with the allowable
thresholds of the tissues to investigate the possibility of tissue damage. Note that it was assumed
that tissue damage occurs when the stresses and strains in the desired tissue exceed the elastic range.
However, based on the obtained results, under the investigated loading conditions, none of the model
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components were damaged.
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1- Introduction

The lumbar spine experiences significant mechanical
loads during daily activities such as walking, sitting and lifting
tasks. Incorrect posture and heavy lifting may lead to severe
injuries, including intervertebral disc herniation and ligament
damage. To analyze these effects, experimental and numerical
approaches have been utilized, with finite element analysis
(FEA) emerging as a reliable tool due to its cost-effectiveness
and ability to simulate complex scenarios. Dehghan-Hamani
et al. [1] introduced subject-specific finite element models
using radiography-based scaling, highlighting the impact of
geometric variations in lumbar spine mechanics. Naserkhaki
et al. [2] investigated the influence of ligament properties
on L4-L5 biomechanics, concluding that accurate ligament
modeling is crucial for realistic spinal response simulations.
Such studies emphasize the continuous improvements in
numerical modeling approaches for spine biomechanics,
providing valuable insights for orthopedic and rehabilitation
applications. This study also aims to develop and validate
a finite element model (FEM) of the L4-L5 Iumbar spine
segment to assess stress and strain distributions under various
loading conditions.

2- Methodology
A detailed 3D finite element model of the L4-L5 segment
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Fig. 1. Finite element model of the L4-L5 segment of the
lumbar spine

was developed using medical imaging data, as shown in
Figure 1. The model consists of cortical and trabecular bones,
intervertebral discs (nucleus pulposus and annulus fibrosus),
facet joints, endplates, and seven major ligaments. Material
properties were assigned based on experimental data, with
bones modeled as isotropic elastic materials and intervertebral
discs as hyperelastic structures. The model was meshed with
high-resolution tetrahedral and hexahedral elements to ensure
numerical accuracy. Note that the mesh convergence study
was also performed based on stress and displacement results,
leading to an optimal mesh density. Boundary conditions
were also included by fixing the lower endplate of L5 and
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Fig. 2. Boundary conditions and loading applied to the
finite element model of the L4-L5 segment
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Fig. 3. ROM of the L4-L5 segment under a pure mo-
ment of 10 Nm compared with existing data from [3].

applying the loads on the upper endplate of the L4 vertebra as
shown in Figure 2.

3- Results and Discussion

In the first step, the FE model validation was performed
by comparing the computed FE results with previous
experimental and numerical studies. The range of motion
(ROM) and intradiscal pressure were compared with literature
data, demonstrating reasonable agreement as depicted in
Figures 3 and 4.

To investigate the FE model under different loading
conditions, first, a follower load of 500 N and a moment of
10 Nm were applied to simulate normal standing conditions
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Fig. 4.Intradiscal pressure in the L4-L5 segment under
a compressive force of 1175 N and a moment of 7.5 Nm
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Fig. 5. Applied bending moments in different directions
(a) Flexion (b) Lateral bending (c) Axial rotation.

as illustrated in Figure 5. To evaluate injury risk, forces up
to 1300 N and moments up to 20 Nm were applied to the FE
model.

The results showed that the highest von Mises stress
occurred in the facet joints under axial rotation (see Figure
6). Also, the maximum intradiscal pressure occurred during
flexion. Moreover, ligament strain varied depending on the
type of motion, with interspinous ligaments experiencing the
highest strain during forward flexion.

Furthermore, the results indicated that under extreme
flexion, intradiscal pressure increased significantly but
remained below damage thresholds (see Figure 7). The
highest tensile stress also occurred at the posterior annulus
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Fig. 6. Von Mises stress distribution contour (MPa) in
the finite element model under a moment of 20 Nm in
axial rotation

fibrosus, suggesting a potential risk of disc herniation under
excessive loading. Also, ligaments did not reach their failure
strain, implying structural integrity was maintained.

4- Conclusions

In this study, the L4-L5 segment of the lumbar spine was
modeled using the finite element method and then this model
was validated using experimental and numerical data from
previous studies. The validated finite element model was
subjected to combined force and moment loadings, and the
model suffered the highest stress under axial torsion. The
highest intradiscal pressure occurred during forward bending.
Also, the ISL ligament showed the highest deformation
among the ligaments studied. It should be noted that none
of the model components were damaged under the applied
loads.
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Fig. 1. Finite element model of the L4-L5 segment of the lumbar spine
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Fig. 2. Meshed representation of the LS vertebra with a sectioned view
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Fig. 4. Meshed representation of intervertebral disc components (a) Nucleus (b) Annulus fibrosus
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Table 2. Mechanical properties of the ligaments
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Fig. 5. Applied bending moments in different directions (a) Flexion (b) Lateral bending (c) Axial rotation
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Table 3. Output parameters of the finite element model for different mesh densities
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Fig. 6. Mesh quality evaluation (a) Skewness diagram (b) Orthogonal quality diagram
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Fig. 7. Range of motion of the L4-L5 segment under a pure moment of 10 Nm compared with existing data from [17]
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Fig. 8. Intradiscal pressure in L4-L5 segment under a compressive force of 1175 N and a moment of 7.5 Nm
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Fig. 9. Boundary conditions and loading applied to the finite element model
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Fig. 10. Von Mises stress in the finite element model under flexion, lateral bending, and axial rotation
with increasing moment
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Fig. 11. Von Mises stress distribution contour (MPa) in the finite element model under a moment of 20 Nm in axial
rotation
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Fig. 12. Changes in intradiscal pressure in three directions (flexion, lateral bending, and axial rotation) under
increasing moment
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Fig. 13. Average of principal stress distribution in the nucleus pulposus (MPa) under a moment of 20 Nm in flexion
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Fig. 14. Changes in range of motion under increasing moment from 7.5 Nm to 20 Nm in three directions (flexion,
lateral bending, and axial rotation)
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Fig. 15. Ligament elongation under increasing moment up to 20 Nm
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Fig. 16. Deformation of the motion segment after applying a moment of 20 Nm in (a) Flexion (b) Lateral bending
(¢) Axial rotation
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Table 4. Comparison of strain values obtained from the finite element model with the
available yield strain values for ligaments
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Fig. 17. Von Mises stress distribution contour in the finite element model under increased compressive force up
to 1300 N in three directions (a) Flexion (b) Lateral bending (c) Axial rotation
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Fig. 18. Changes in intradiscal pressure in the model in three directions (flexion, lateral bending, and axial rota-
tion) under increasing compressive force
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Fig. 19. Contour of averaged principal stresses in the nucleus pulposus (MPa) under a moment of 7.5 Nm
and a compressive force of 1300 N in flexion
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