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The hybrid performance stabilization (HPS) system combines rods, transitional screws, and
coupler designs to provide semirigid fixation. This system maintains some range of motion near
the fusion site during spinal fusion surgery, which may reduce compensatory effects at adjacent
vertebral segments. However, clinical reports have shown the early degeneration of adjacent
segments even in nonfusion surgeries, indicating that further research is needed on both the HPS
design and its clinical applications. In this study, we began by collecting computed tomography
(CT) scanning images from the twelfth thoracic vertebra (T12) to the first sacral vertebra (S1).
Using Mimics software, vertebral contours were traced from these CT slices to create geometric
models. The HPS coupler was then modeled using Solidworks software. Both models were
subsequently meshed to create finite element models for analysis using ANSY'S software. In this
research, we investigated how varying the stiffness of the HPS coupler affected vertebral
segment mobility and disc stress under flexion, extension, and lateral bending conditions.
Additionally, we examined the suitability of HPS for intervertebral discs with moderate to
severe degeneration by simulating these degenerative conditions.

1. Introduction
The spine, consisting of thirty-three vertebrae, serves as the primary supporting structure of

the human body. Its essential functions include protecting the spinal cord, supporting body
weight, and facilitating load transfer during physical movement. Below the cervical spine are
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twelve thoracic vertebrae, which connect to the ribs to protect vital organs such as the heart and
lungs. The lumbar spine, comprising five vertebrae in the lower back, experiences significantly
higher loads than other spinal segments, resulting in a considerably higher incidence of
pathological conditions in this region.(!). The lumbar spine is particularly susceptible to
pathological changes among all spinal segments owing to its extensive range of motion and the
substantial mechanical loads it bears. Poor posture maintained over extended periods and
excessive strain from lifting heavy objects can lead to various lumbar spine disorders. Common
lumbar spine conditions include spondylolisthesis, spinal stenosis, herniation of intervertebral
discs, and degenerative disc disease. These conditions often develop as a result of the unique
biomechanical demands placed on the lumbar region during daily activities and the natural
aging process.

The relationship between dynamic spinal stabilization system design parameters and sensor
integration represents a crucial advancement in modern spine treatment technology.* 4 The
fundamental purpose of these systems is to provide adequate spinal support while maintaining
vertebral flexibility. The system’s design incorporates sophisticated engineering principles that
balance mechanical support with natural movement patterns, ensuring optimal load distribution
and force transmission throughout the spinal column. The integration of sensors within hybrid
performance stabilization (HPS) systems plays a vital role in monitoring spinal conditions in
real time, providing crucial feedback for system operation and adjustment.®~7) These sensors
enable the continuous assessment of various biomechanical parameters, including load
distribution, motion patterns, and positional changes. Through advanced sensing technologies,
the system can monitor spinal alignment and make real-time adjustments to maintain optimal
therapeutic conditions. This capability is further enhanced by the incorporation of wearable
sensors that provide continuous monitoring capabilities. The system’s ability to monitor loads
and forces ensures that mechanical support remains within therapeutic ranges while maintaining
spinal flexibility.

Motion and position sensing capabilities allow for the precise tracking of spinal movement
patterns, enabling treatment strategies that are more effective than traditional methods. The real-
time feedback mechanisms facilitate immediate adjustments to optimize therapeutic outcomes,
while alignment monitoring ensures appropriate spinal positioning throughout movement. This
integration of wearable sensors with monitoring capabilities represents a significant advancement
in personalized spine care, allowing for more precise and adaptable treatment approaches.
However, the complexity and challenges inherent in HPS system design necessitate advanced
simulation capabilities for effective development and optimization. The implementation of
simulation systems for preliminary result prediction can significantly reduce design time and
enhance design efficiency.

The finite element method (FEM) stands as one of the most powerful numerical analysis
techniques available, particularly adept at solving problems involving complex geometric shapes
and boundary conditions.® In recent years, the adoption of FEM in biomedical applications has
been driven by several practical limitations in conventional research approaches, including
limited availability, high costs, and inherent difficulties in conducting repeated trials. Moreover,
traditional experimental methods often struggle to provide detailed insights into internal
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biomechanical behaviors of biological systems. These limitations have positioned FEM as an
invaluable analytical tool in the field. FEM offers distinct advantages in biomechanical analysis
through its ability to simulate various scenarios by adjusting parameters systematically. This
approach provides reproducible results at a relatively low cost, enabling researchers to develop a
deeper understanding of biomechanical behaviors under different conditions. The method’s
flexibility allows for the comprehensive investigation of multiple variables and their interactions,
which would be extremely difficult or impossible to achieve through physical experimentation
alone.

In this study, we aim to investigate the biomechanical characteristics of the posterior HPS
from both FEM and biomechanical perspectives.19 On the basis of the operational mechanism
of the dynamic stabilization system, the design parameters of the system’s coupler will be
altered. Moreover, we will explore the effects of different coupler stiffnesses on vertebral motion
and intervertebral disc pressure (interdisc pressure) under conditions of flexion, extension, and
lateral bending. The goal is to use the results of the finite element analysis to understand the
applicability of the HPS for intervertebral discs at varying stages of degeneration, and to assess
the anticipated functional changes when design parameters are modified. Ultimately, we aim to
provide valuable insights for the improvement of existing products or the development of new
implants by offering design references. However, it is crucial to recognize that FEM is not a
complete solution in itself, but rather an analytical tool that provides valuable insights and
directions for investigation. Although it can generate important clues and suggest potential
solutions, these findings should be interpreted as guidance for further investigation rather than
definitive answers. The method’s results serve as valuable indicators of decision-making and
direct subsequent research efforts while still requiring validation through other means when
possible.

2. Methodology

In this research, we utilized human cadaveric spine specimens spanning from the twelfth
thoracic vertebra to the sacrum (T12 to sacrum). We acquired twelve normal spinal specimens
without spinal injuries or pathologies from the Anatomic Gift Registry (AGR), with appropriate
authorization from the institution for research purposes. Prior to experimentation, each spinal
specimen underwent bone density assessment using either dual-energy X-ray absorptiometry or
computed tomography (CT) scanning. During scanning, a calibration phantom with known
density was placed alongside the specimens to enable a comparative image analysis for
determining bone density. After obtaining bone density data for all specimens, statistical
methods were employed to divide them into three groups of four spines each. The grouping was
carefully adjusted to ensure that no statistically significant difference in bone density existed
between groups, thereby minimizing potential experimental errors stemming from varying bone
density levels among specimens. The commercial software Materialize Mimics was employed to
segment vertebral bodies from CT scan slices and create three-dimensional models from the
twelfth thoracic vertebra (T12) to the first sacral vertebra (S1), as illustrated in Figs. 1(a) and
1(b).
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Fig. 1. (Color online) (a) Selection of vertebrae in Mimics software after CT scanning, (b) spinal model created in
Mimics software, and (c) intervertebral disc created in Solidworks software.

Individual stereolithography (STL) files were generated for each vertebral segment. Since CT
scanning cannot capture intervertebral discs, Solidworks software was subsequently utilized to
import the STL files and model the intervertebral discs, while also performing edge smoothing
operations on the models, as shown in Fig. 1(c). The hybrid performance system for dynamic
spine stabilization was modeled using Solidworks software. To optimize computational analysis
time, the bone screws in the spinal dynamic stabilization system were partially simplified, as
shown in Fig. 2(a). The simplification focused on the screw threads and the rigid rod fixation
mechanism. The simplified dynamic stabilization system and bone screw models were then
virtually implanted into the spinal model, as depicted in Figs. 2(b) and 2(c) for the spinal model
created in Mimics software and the intervertebral disc created in Solidworks software. In this
study, we used the commercial software ANSYS Workbench for analysis. In the material
property settings, the Poisson’s ratio and Young’s modulus of the vertebral body were set to 0.3
and 12 GPa, while those of the intervertebral disc were set to 0.45 and 40 MPa, respectively.(!-1?)
In this study, we focused on analyzing and exploring the degree of degeneration of the
intervertebral disc. Therefore, the Young’s moduli of the intervertebral disc were reduced to 50
and 80% to simulate severe degeneration and moderate degeneration, respectively.(?

3. Simulation Results and Discussion

In the HPS, the dynamic spring segments were simulated using the longitudinal spring
element created in Workbench software. The dynamic spring in HPS had already undergone
static tensile and compression tests using a materials testing machine, and the stiffness obtained
from these tests was 57 N/mm. The tensile and compression curves were input into the spring
stiffness settings of the established longitudinal spring. The group analyzed and discussed the
spring stiffness by reducing and increasing it by 50%, as well as the spring stiffness of
commercially available spinal dynamic stabilization systems. Therefore, in the finite element
model, the spring stiffnesses K1, K2, and K3 were set to 28, 57, and 85 N/mm, respectively. The
spinal finite element model was subjected to three distinct motions: lateral bending, extension,
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(2)

Fig. 2. (Color online) (a) Simplified bone screw model (diameter: 5.5 mm) and (b) lateral and (c) posterior views of
the spinal model with HPS implantation.

and flexion. Each motion was applied with a torque of 7.50 N/m, combined with an axial
compression force of 500 N to simulate upper body weight. We examined two levels of
intervertebral disc degeneration: moderate and severe. For reference, a normal intervertebral
disc was characterized by a Young’s modulus of 40.0 MPa and a Poisson’s ratio of 0.450. Prior to
conducting the main analyses, a convergence test was performed on the moderate disc
degeneration group (Disc E = 32 MPa) during flexion motion. The convergence analysis
employed mesh sizes ranging from 1.5 to 2.5 mm, specifically testing at 1.50, 1.60, 1.70, 1.80,
1.90, 2.00, and 2.50 mm. The finite element model achieved both stress and displacement
convergence at a mesh size of 1.80 mm, with numerical errors remaining within 1.0%.

On the basis of these results, a model with a total element count of 919139 was adopted for
subsequent analyses, as demonstrated in Fig. 3. The finite element analysis conducted in this
study provides valuable insight into the effects of varying coupler stiffness and disc degeneration
on spinal mechanics. The sensitivity of adjacent segment stress and vertebral mobility to changes
in spring stiffness highlights the importance of accurately modeling these parameters to predict
postsurgical outcomes. The successful convergence test further ensures the robustness of the
model, minimizing potential errors in simulation results. By considering different levels of
intervertebral disc degeneration, we simulated realistic conditions that the spine may experience
in both healthy and degenerative states. These findings may aid in optimizing spinal implant
design and provide a better understanding of how mechanical changes affect spinal health over
time.

In this study, we conducted axial loading tests including flexion, extension, and lateral
bending on the specimen, with axial loads applied through steel wires, pulleys, and weights on
both sides. The applied axial pressures (500 and 250 N per side) and bending moment (7.50 Nm)
were designed to simulate physiological spinal loads in the human body. The axial pressure
(500 N) and bending moment (7.5 Nm) applied in this experiment were based on literature
reports, simulating the physiological loads exerted on the spine by the human body.(3!4) For
vertebral kinematics, a three-dimensional motion analysis system was employed to capture the
relative motion of each vertebral segment, including displacements in three directions and
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Fig. 3. (Color online) Convergence analysis of spinal finite element model.

rotations about the x-, y-, and z-axes. The flexion, extension, and lateral bending movements
were applied at a rate of 0.005 Hz. Throughout the experiment, continuous recordings were
made of the moments, intradiscal pressure, and three-dimensional motion data of each vertebral
segment. Each movement was repeated three times, and the average of these three measurements
was used as the final result. These experimental results were then compared with the finite
element model analysis to verify the model’s accuracy.

Figure 4 shows a comparison of the results of finite element model analysis with experimental
measurements of spinal segment mobility. As shown in Fig. 4(a), when a 7.50 N/m flexion torque
was applied, the analysis results from the finite element model were slightly lower than the
experimental values. The largest discrepancy in segment mobility was observed at the T12
vertebra (12.7° vs 13.6°), with an error of 6.71%. Figure 4(b) shows that under extension
moments, the model results were slightly higher than the experimental measurements, with the
T12 vertebra again exhibiting the largest error (3.41° vs 3.22%), yielding a 6.29% discrepancy. In
the lateral bending case, as shown in Fig. 4(c), the L1 vertebra showed the largest error (1.22° vs
1.11°), with an error of 8.29%. The errors remained below 8.29%, which is acceptable for
engineering applications. Despite the large biological variation and the nonlinear characteristics
of many tissues, the model demonstrates acceptable accuracy for biomechanical studies and can
be further applied to investigate the impact of HPS coupler design parameters on vertebral
mobility and disc stress.

These findings merit deeper consideration from both theoretical and practical perspectives.
The consistency of error margins remaining below 8.29% across all loading conditions is
particularly noteworthy, especially given the inherent complexities of biological systems. This
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Fig. 4. (Color online) Comparison of results of finite element model analysis with experimental measurements in
vertebral range of motion: (a) flexion moment, (b) extension moment, and (c) lateral bending moment.

level of accuracy is remarkable considering the significant challenges in modeling biological
tissues, which include material property variations among individuals, age-dependent
characteristics, and the complex nonlinear behavior of spinal components. The model’s ability to
maintain reasonable accuracy across different loading scenarios suggests its robust formulation
and careful consideration of key biomechanical parameters. Furthermore, the systematic pattern
of slight underestimation in flexion and overestimation in extension can provide valuable
insights for future model refinements. The demonstrated accuracy makes this model particularly
valuable for investigating HPS coupler design parameters and their effects on vertebral mobility
and disc stress, potentially leading to improved surgical outcomes and medical device designs.
These results also establish a solid foundation for future research into more complex loading
scenarios and patient-specific applications.

First, we explored the relationship between segmental mobility and the stiffness of three
different coupler designs in a disc with moderate degeneration under forward flexion, extension,
and lateral bending movements, as shown in Figs. 5(a) and 5(b). The analysis of the intervertebral
disc with moderate degeneration (£,, = 32.0 MPa) showed that as the stiffness of the HPS system
increases, the mobility of the L3 segment decreases. As shown in Fig. 5(a), during forward
flexion, the L3 segment exhibited a 26.9% reduction in mobility when the HPS stiffness was
85.0 N/mm compared with 27.0 N/mm. A significant difference was also observed at the T12
segment, where the overall mobility decreased by 14.0%. Similarly, during extension movements
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Fig. 5. (Color online) Three different coupler stiffness levels and the mobility of each segment of the intervertebral
disc under different motions—for moderate degeneration: (a) forward flexion, (b) extension, and for severe
degeneration: (c) lateral bending, (d) forward flexion, (e) extension, and (f) lateral bending.

in Fig. 5(b), the mobilities of the L3 and T12 segments decreased by 30.8 and 16.1%, respectively.
In this section, we further explore the effects of HPS systems on intervertebral discs under
moderate and severe degeneration conditions, considering three different coupler stiffness
designs under forward flexion, extension, and lateral bending movements. In the moderate
degeneration model (£,, = 32.0 MPa), the analysis showed that as the HPS stiffness increases, the
mobility at the L3 segment decreases. In the forward flexion case shown in Fig. 5(a), the mobility
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at the L3 segment decreased by 26.9% when the HPS stiffness was 85.0 N/mm compared with
27.0 N/mm, with the T12 segment also showing a notable reduction of 14.0%. In the extension
group in Fig. 5(b), similar reductions were observed, with the mobilities of the L3 and T12
segments decreasing by 30.8 and 16.1%, respectively.

Figure 5(c) shows that under lateral bending, the mobility of each vertebral segment is
significantly lower than forward flexion and extension. This is due to the more upright joint
surfaces of the lumbar vertebrae than those in the cervical or thoracic spine, which restrict
lateral bending motion. The analysis also revealed that the HPS system’s coupler further limits
the spinal mobility during lateral bending. Figures 5(d)—5(f) illustrate the mobility analysis of
each vertebral segment under the effects of forward flexion, extension, and lateral bending
torques in a severely degenerated disc (£,, = 32.0 MPa), using three different coupler stiffness
designs. In Fig. 5(d), during forward flexion, the mobility at the adjacent segment (L2) is higher
than in the moderate degeneration case. At HPS stiffnesses of 28.0, 57.0, and 85.0 N/mm, the
mobility increased by 6.8, 21.2, and 29.1%, respectively. In the lateral bending movement, the
adjacent segment (L2) also showed an increase in mobility by 25.2, 16.8, and 20.1%, respectively.
However, during extension, no significant increase in mobility was observed, as shown in
Figs. 5(d)-5(f). In these results, the adjacent segment (L3) also exhibited a lower mobility as the
HPS stiffness increased. For lateral bending, the differences in segmental mobility produced by
the three coupler designs were not significant. The results of these analyses highlight the
important effect of HPS system stiffness on segmental mobility, particularly at the L3 segment.

As stiffness increases, mobility decreases, which suggests that the stiffness of the HPS
system can play a critical role in controlling spinal movement, especially in cases of moderate
degeneration. This effect is consistent across different motions (forward flexion, extension, and
lateral bending) and is more pronounced at lower segments such as L3. Interestingly, the
response in the severe degeneration model (£,, = 32.0 MPa) revealed some variability in the
results, especially with lateral bending and forward flexion, where adjacent segments exhibited
mobility that increased with HPS stiffness. This could suggest that in severely degenerated
discs, the surrounding structures compensate for the increased stiffness of the HPS system. The
lack of significant mobility increase during extension in the severely degenerated model may
imply that the extension movement is less sensitive to the changes in the stiffness of the HPS
system in this scenario. In future research, we can further investigate the underlying mechanisms
that govern the differential mobility responses observed, particularly in severe degeneration
cases. Additionally, evaluating the long-term effects of varying HPS stiffness in both moderate
and severe degeneration conditions will be critical in understanding the implications for clinical
applications and patient outcomes.

4. Conclusions

In this research, we investigated intervertebral disc degeneration, focusing on moderate and
severe conditions, while establishing baseline characteristics for normal discs with a Young’s
modulus of 40.0 MPa and a Poisson’s ratio of 0.450. Through a comprehensive convergence
analysis utilizing mesh sizes between 1.50 and 2.50 mm, the finite element model demonstrated
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optimal performance at a mesh size of 1.80 mm, maintaining numerical errors within 1%. This
led to the implementation of a model comprising 919139 elements for subsequent analytical
work. From both theoretical and practical standpoints, remarkable findings were obtained in this
study, particularly in maintaining error margins consistently below 8.29% across various loading
conditions—a significant achievement given the complexity inherent in biological systems. We
revealed an inverse relationship between stiffness and mobility, highlighting how the HPS
system’s stiffness significantly affects spinal movement, especially in cases of moderate
degeneration. This relationship manifested consistently across different types of motion,
including forward flexion, extension, and lateral bending, with particularly pronounced effects
observed in lower segments such as L3. The findings underscore the intricate interplay between
mechanical properties and spinal functionality, providing valuable insights for both clinical
applications and future research directions in spinal biomechanics. This understanding of the
relationship between stiffness and mobility can be instrumental in developing more effective
treatments for intervertebral disc degeneration.
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