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Abstract

Understanding stress distribution on lumbar vertebral endplates is essential for predicting
mechanical failure and guiding clinical interventions. Therefore, this study aims to investigate the
von Mises stress patterns on the L1/L2 endplates under multiaxial loading using a 3-dimensional
finite element (FE) model derived from CT imaging of a healthy 55-year-old male. Anatomical
structures were reconstructed in Mimics 21.0, and simulations were conducted in ANSYS
Workbench 2023 R2. Material properties for cortical bone, cancellous bone, and intervertebral disc
were assigned based on validated biomechanical data. A compressive load of 500 N and multiaxial
moments ranging from 2.5 to 10 Nem were applied to simulate physiological movements, while
the inferior surface of L2 was fully constrained to reflect realistic boundary conditions. The results
showed that the superior endplate experienced the highest von Mises stress, particularly during
flexion and lateral bending, indicating increased vulnerability to mechanical overload. Extension
loading significantly reduced stress on both endplates, with a 60.54% decrease on the superior
endplate and 69.17% on the inferior endplate. Stress distribution was asymmetrical and was
influenced by anatomical features, such as cortical thickness and trabecular alignment. These
results show the superior endplate as a biomechanically critical region prone to degeneration,
emphasizing its importance in implant design, preventive strategies, and risk assessment for
microfracture in high-risk populations.

Keywords: Finite element analysis; Lumbar spine; Multiaxial loading; Endplate stress; L1-L2
segment
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1.Introduction

Physical activities, such as walking and Salat (Islamic prayer) require a complex interplay of
joint movements and load-bearing mechanisms within the human musculoskeletal system. Some
of the most critical components during these activities are the hip joint and the vertebral column,
which are responsible for transmitting and supporting significant mechanical loads. Previous
studies have shown that the hip joint experiences high stress during walking [1], indicating the
need for prosthetic hip designs to accommodate the unique postures performed during Salat [2].
The vertebral column plays a central role in maintaining posture, distributing body weight, and
stabilizing movement. Anatomically, the vertebral column consists of several interconnected
regions, including the cervical, thoracic, lumbar, sacral, and coccygeal segments, which are
arranged in a continuous and orderly manner [3]. The lumbar spine (L1-L5), located between the
thoracic spine and the pelvis, is essential for supporting upper body weight and enabling dynamic
motion during daily physical activities [4].

During physical activities, there is a direct push or pull interaction between the complex
structures and the supporting elements of the lumbar spine (L1-L5). Engaging in extreme activities
may lead to injury of the structures, particularly in older adults. Previous studies showed that
individuals aged 49-69 years were at increased risk for developing lumbar spondylosis [5]. This
condition can significantly affect the lumbar spine structures, leading to degenerative disorders.
The progression of lumbar spondylosis may further lead to degenerative disc disease and the
formation of new bone growths (osteophytes) [6]. The condition can progress to lumbar
spondylolisthesis, a condition characterized by the displacement of one vertebra, compressing the
spinal nerves and surrounding tissues. A study by Yamamoto et al. [7] using in vitro testing provided
valuable data on spinal range of motion and intersegmental force transmission in pathologic states.

Studies on contact biomechanics using in vitro methods have produced highly variable results
and have become increasingly difficult to conduct due to ethical concerns and cost constraints.
Consequently, in recent years, in vitro testing has gradually been replaced by Finite Element
Analysis (FEA), a numerical simulation technique that offers a more controlled and cost-effective
alternative [8]. Li and Wang have developed finite element models of the lumbar spine segment
L1-L2, but their models often lacked anatomical realism, particularly in terms of material property
differentiation among various bone structures [9]. Zulkifli further attempted lumbar simulation but
focused solely on L2 without integrating the adjacent L1 vertebra, limiting intersegmental
interaction analysis [10]. These limitations show a lack of studies that employ realistic bone
material properties under multiaxial loads and investigate stress behavior in L1-L2
comprehensively.

The L1-L2 segment was selected for this study based on the clinical observation that the
region marks the transition between the thoracic kyphosis and lumbar lordosis, thereby serving as
the initial site of curvature in the lumbar spine during flexion. Consequently, it is particularly
susceptible to stress accumulation, especially during the early phases of flexion and axial
movement. This increased mechanical demand makes the region vulnerable to fracture under
complex loading conditions [11]. Therefore, this study aims to investigate stress distribution on the
L1/L2 endplates under multiaxial loads using FEA. The direction and magnitude of von Mises stress
under various loading conditions were also determined. Regions of stress concentration on the
superior and inferior endplates that may serve as indicators for mechanical failure risk were then
identified. The results are expected to serve as a biomechanical reference for future studies
involving degenerative conditions or intervention simulations. The current study addresses current
gaps by providing detailed, load-specific stress maps for a healthy L1-L2 segment using
anatomically informed models and multiaxial conditions, thereby enhancing the accuracy and
clinical relevance of spinal biomechanics.

2. Materials and Method

A model of the lumbar spine, specifically at the L1 to L2 segment, was constructed based on
imaging data from a healthy 55-year-old male respondent (66 kg, 168 cm). Clinical evaluations and
imaging confirmed the absence of abnormalities, allowing for the development of a normal and
anatomically accurate FE model. The respondent was recruited through the Spine Surgery
Department at Dr. Kariadi Hospital, Semarang, after providing written informed consent. Ethical
approval for this study was granted by the Ethics Committee (Approval No. 108/EC/KEPK/fk-
UNDIP/IV/2022), according to institutional and national study guidelines.
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Following image acquisition, the 3-dimensional geometry of the L1-L2 vertebral segment was
reconstructed using Mimics 21.0 (Materialise, Belgium), a medical image processing tool capable
of segmenting anatomical structures from CT data with high precision. The processed geometry
was exported in STL format and subsequently imported into ANSYS Workbench 2023 R2 for
preprocessing and simulation. In addition, the meshing process applied tetrahedral elements with
local refinement in areas of complex geometry or expected stress concentration, balancing model
accuracy with computational efficiency.

Kang et al. [12] reported that material properties were assigned to each anatomical structure
in the model based on biomechanical parameters. These properties were selected to replicate the
actual mechanical response of spinal tissues under physiological conditions, thereby ensuring the
reliability of the model in predicting stress distributions and deformation patterns.

Key spinal ligaments were included to further improve the biomechanical fidelity of the
model. These comprised the anterior longitudinal ligament (ALL), posterior longitudinal ligament
(PLL), interspinous ligament (ISL), supraspinous ligament (SSL), ligamentum flavum (LF),
intertransverse ligament (ITL), and capsular ligament (CL). The mechanical properties of these
ligamentous structures were obtained from experimental data reported by Zewen Shi et al. [13],
ensuring that their nonlinear and tension-dominant characteristics were properly reflected in the
simulation. A summary of all material properties used in the model was presented in Table 1,
including Young’s modulus and Poisson’s ratio for each component.

Material Young Modulus (MPa) Poisson’s ratio
Bone Structures

Cortical Bone 1200 0.3
Cancellous Bone 150 0.3
Endplate 1000 0.3
Posterior Structure 3500 0.3
Intervertebral disc

Annulus 4.2 0.45
Nucleus 1 0.49
Ligaments

Intertransverse Ligament 10 0.3
Supraspinous Ligament 8 0.3
Anterior Longitudinal Ligament 17 0.3
Posterior Longitudinal Ligament 10 0.3
Ligamentum Flavum 10 0.3
Interspinous Ligament 8 0.3
Capsular Ligament 15 0.3

The final geometry of the model was shown in Figure 1, which depicted the reconstructed and
meshed L1-L2 segment ready for simulation. After material properties were assigned, boundary
and loading conditions were applied to represent realistic physiological scenarios. The inferior
surface of L2 was fully constrained in all degrees of freedom to simulate stabilization by the lower
lumbar vertebrae and pelvic structure. Meanwhile, a vertical compressive load of 500 N was
applied to the superior surface of L1, representing the upper body weight transmitted through the
spine during standing posture.

Multiaxial moments of 2.5 N-m, 5 N-m, 7.5 N-m, and 10 N-m were applied to the superior
surface of the L1 vertebra to simulate dynamic physiological movements such as bending and
twisting. These moment loads were applied incrementally to represent a broad spectrum of spinal
motions, including flexion, extension, lateral bending, and axial rotation, which were commonly
encountered during daily activities such as lifting, turning, or bending forward. The selection of
moment magnitudes was according to values reported in previous experimental and
computational studies that reflected physiological and submaximal load conditions. This loading
protocol was designed to investigate the mechanical response of the lumbar spine segment under
combined axial and rotational stresses, which were known to significantly influence internal stress
distributions and could contribute to degenerative changes or injury in susceptible individuals. The
simulation results focused on the distribution of von Mises stress, allowing the identification of
regions subjected to high mechanical loads and potential structural vulnerability under complex
loading conditions.
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Figure 1.

The reconstructed
modeling of the L1-L2
lumbar vertebrae
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3. Results and Discussion
3.1. Validation of FEM

To ensure the reliability of the developed FE model, validation was conducted by comparing

the simulated displacement values with benchmark data from Li and Wang [9], under vertical
loading conditions ranging from 500 N to 2500 N. The comparison focused on the L1 to L2 spinal
segment, which was subjected to realistic multi-axial motions including flexion-extension, lateral
bending, and axial rotation. These types of motion were commonly observed in daily activities such
as bending down and twisting the torso to pick up an object from the side.
As shown in Figure 2, the percentage
6 - deviation between this study and the
reference data remained below 1 percent for
most load conditions, indicating a strong
agreement and validating the model’s
predictive capability. A slightly higher
deviation of approximately 5.6 % was
observed at 1500 N. This deviation could
result from geometric sensitivity, mesh
resolution, or simplifications in boundary
conditions that were more influential at mid-
range loading. Despite this, the overall trend
of deviation was within acceptable limits for
biomechanical simulations, supporting the
credibility of the developed model.

Although the validation by Xu et al. [14] mainly focused on biomechanical parameters such
as ROM, IDP, and FJF, their study considered simulation deviations up to 5 % as acceptable for
mesh convergence. In some cases, even larger deviations were tolerated due to inherent variability
in biological structures. Based on this precedent, the observed displacement deviation of 5.6 % at
a single load point was considered acceptable and did not compromise the validity of the model.
The validated displacement results confirmed that the FE model was capable of reproducing
physiological motion behavior under vertical loading and could be used for further analysis under
complex load conditions.

3.2. Endplate Stress of L1/L2 Segment

The lumbar spine, particularly the L1 to L2 segment, was subjected to complex multi-
directional motions such as flexion-extension, lateral bending, and axial rotation daily. These
movements were typically observed when an individual bent down and twisted the torso to
retrieve an object from the side. To replicate these physiological loading conditions, a finite
element simulation was performed using combined multiaxial loading that reflected typical human
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Figure 3.

Von mises stress
contours on superior and
inferior endplates under
multiaxial loading

Figure 4.

Data irregularities
observed on the
endplate

Hasyid Ahmad Wicaksono et al.

spinal movements. This approach aimed to evaluate the biomechanical response of the L1-L2
motion segment under realistic and functionally relevant loading scenarios.

The vertebral endplate played a significant role in transmitting loads and distributing stress
across the intervertebral disc and vertebral body. In addition to its mechanical function, the
endplate also contributed to nutrient transport and served as a protective structure for the disc
[15]. Understanding its stress behavior under complex loads was therefore essential in evaluating
spinal integrity.

Figure 3 illustrated the von Mises stress distribution patterns across the superior and inferior
endplates of L1-L2 during combined motion. During extension and left axial rotation, von Mises
stress appeared unevenly distributed, and peak stress zones shifted asymmetrically across the
endplate surface. This finding indicated the inhomogeneous material properties of the endplate
and the anatomical complexity of the vertebra, which resulted in nonlinear responses under
combined loading. The inferior endplate, particularly its anterior region, experienced higher stress
under these conditions, while the superior endplate showed broader stress dispersion toward the
lateral regions.

When the extension moment increased, the von Mises stress on the endplate did not follow
a proportional trend. Instead of increasing, the stress decreased, as shown in Figure 4. This
observation suggested that the load was redistributed away from the disc and endplate toward
more rigid spinal components such as cortical bone, and posterior ligaments [16], [17]. Such
redistribution confirmed the spine’s adaptive behavior, where various structural elements shared
the mechanical load depending on the type and magnitude of movement.

This stress-shifting phenomenon supported the idea that the spine did not behave as a simple
linear mechanical system. Rather, it served as an integrated and dynamic structure in which
changes in 1 anatomical element influence the loading conditions experienced by others. As the
extension moment increased, strain energy was redirected to stronger components such as cortical
bone. Consequently, the endplate became less associated with load transmission. The analysis of
lateral bending also revealed asymmetrical stress distribution. The superior endplate experienced
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higher stress during left lateral bending, while the inferior endplate underwent higher stress during
right lateral bending. This asymmetry likely resulted from natural anatomical differences such as
cortical thickness, endplate geometry, and the orientation of trabecular bone between the left and
right sides [18], [19]. The findings in this study were clinically important. During flexion and lateral
bending in healthy individuals, the superior endplate consistently experienced higher von Mises
stress compared to the inferior endplate. This condition suggested that the superior endplate could
be more biomechanically vulnerable to pathological changes such as early-stage disc degeneration
or compression fractures [20].

Simulation results provided further insight into stress behavior across spinal components
under extension loading from 2.5 Nm to 10 Nm. The cortical bone of L1 showed a 93.97% increase
in von Mises stress, rising from 13.957 MPa to 27.065 MPa, while L2 exhibited a 83.62% increase,
from 28.642 MPa to 52.604 MPa. However, the superior endplate demonstrated a 60.54%
decrease in stress, dropping from 3.0748 MPa to 1.2139 MPa, and the inferior endplate showed a
69.17% reduction, from 2.1323 MPa to 0.65713 MPa. Similarly, stress in the intervertebral disc
components declined, the annulus fibrosus decreased by 67.60%, from 0.38106 MPa to 0.1235
MPa, and the nucleus pulposus by 70.02%, from 0.069891 MPa to 0.020956 MPa. These
contrasting trends supported the hypothesis of load redistribution toward more rigid structures,
particularly the cortical bone, during extension movement. These results emphasized the
importance of incorporating stress distribution data into spinal implant design. Applying a stress-
guided design approach reduced peak stress on vulnerable areas such as the superior endplate,
especially during flexion and lateral bending. This design consideration was crucial to prevent
microfractures or progressive damage, particularly in populations that were more susceptible to
mechanical overload, such as elderly individuals or workers involved in heavy physical labor.

To reduce abnormal stress concentrations in daily activities, several preventive strategies
were recommended. These included maintaining good posture while sitting or lifting, performing
regular core-strengthening exercises to support spinal stability, and avoiding sudden or repetitive
high-load movements. Nutritional interventions such as adequate calcium and vitamin D intake,
along with regular bone density monitoring, were also essential for maintaining vertebral strength.
For individuals with spinal degeneration or high biomechanical demands, assistive devices, such as
passive exoskeletons could help distribute mechanical loads more evenly and reduce stress on the
endplates [21].

In this study, numerical simulation data also supported this interpretation. The decrease in
endplate stress despite increasing extension moment was consistent with the idea that load
transfer transitioned to stronger structures such as cortical bone and facet joints [22], [23]. In
addition, lateral bending exhibited a clear asymmetry. Higher stress was recorded on the superior
endplate during left lateral bending and on the inferior endplate during right lateral bending. This
behavior suggested that underlying differences in trabecular orientation or cortical thickness
influence stress patterns, even when external loads were applied symmetrically.

Based on the findings derived from the simulation and data analysis, several limitations must
be acknowledged, and directions for future studies were proposed to improve both academic and
clinical relevance. This study was conducted using imaging data from a single respondent, which
limited the generalizability of the findings. The anatomical characteristics and stress responses
observed might not fully represent the diversity found in the broader population. Future studies
must incorporate data from a larger and more varied sample to capture inter-individual differences
in spinal geometry and biomechanical behavior.

The current model did not consider demographic and lifestyle factors such as age, gender,
physical activity level, or occupational load. These variables played a significant role in influencing
spinal mechanics and the development of degenerative conditions. Incorporating such parameters
into future models could enhance their relevance to clinical applications and enable more
personalized biomechanical assessments. Although this study revealed critical patterns of stress
distribution relevant to spinal biomechanics, their direct application in implant design remained
limited. Future work must explore stress-guided design approaches to develop spinal implants that
promote physiological load sharing while maintaining structural stability. Such approaches could
be particularly valuable for elderly patients or those with compromised bone quality, including
individuals affected by osteoporosis or intervertebral disc degeneration.
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4. Conclusion

In conclusion, simulation results indicated that vertebral endplates, particularly the superior
endplate, played a significant role in load transmission and exhibited high-stress responses,
especially during flexion and lateral bending. This led to their susceptibility to degeneration or
fracture in this study. An increase in extension moment could reduce stress on the endplate,
indicating a redistribution of load to stiffer structures such as cortical bone and posterior ligaments,
emphasizing the adaptive and dynamic nature of the spinal system. These findings had important
implications for the design of stress-distribution-based spinal implants to reduce the risk of
microfractures, as well as supporting preventive strategies including core muscle strengthening,
proper posture, and the use of assistive devices, such as passive exoskeletons to minimize
abnormal loads on the endplate during daily activities.
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