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Abstract

Objective
This study aims to investigate the biomechanical characteristics of percutaneous pedicle screw fixation
combined with a novel external fixation device (Micro-Adjustable External Fixation - MAEF) for minimally
invasive spinal fracture treatment using finite element analysis, providing theoretical support for clinical
application.

Methods
We simulated an L1 vertebral fracture and constructed two finite element models: CASE 2: Percutaneous
Short-Segment Intermediate Screw Fixation (PSISF)). Under load control, we recorded the percentage
change in ROM values before and after fixation for both models, along with maximum stress values at
the fixation system, fractured vertebra (L1), T12 inferior endplate, and L2 superior endplate.

Results
Under all loading conditions, the ROM of the MAEF model ranged from 8.4% to 15.5% of the normal
lumbar spine model (T11-L3), while the PSISF model exhibited ROM values between 48.0% and 70.9% of
the normal lumbar spine model (T12-L2). Compared with the PSISF model, the MAEF model exhibited
lower maximum stress values in the fixation system, fractured vertebra (L1), inferior endplate of T12, and
superior endplate of L2. Furthermore, the maximum stress values for the fixation systems in both
models occurred under lateral rotation conditions: the MAEF model's fixation system peaked at 77.025
MPa during right rotation, while the PSISF model's fixation system peaked at 170.97 MPa during left
rotation. Significantly, contrary to the PSISF model results, the fractured vertebral body (L1) in the MAEF
model exhibited markedly higher maximum stress values during flexion and extension compared to
lateral flexion, lateral extension, left rotation, and right rotation. These values were comparable to the
maximum stresses observed in the PSISF model during flexion and extension, a phenomenon attributed
to the MAEF model's micro-adjustable system. Additionally, under all loading conditions, the maximum
stress values at the adjacent vertebral endplates in the MAEF model were lower than those in the PSISF
model.

Conclusion
Compared to PSISF, MAEF exhibits superior stress distribution and provides enhanced stability. Its
micro-adjustable system permits mechanical stimulation of fractured vertebrae during flexion/extension,
preventing stress shielding. Theoretically, MAEF may reduce postoperative fixation system failure and
kyphosis occurrence while accelerating fracture healing.
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1. Introduction
Thoracolumbar burst fractures are the most common type of spinal fracture, frequently resulting from
traffic accidents and falls from height[1-3] . The optimal surgical approach for traumatic thoracolumbar
burst fractures (TTBFs) without neurological injury remains controversial. Current research increasingly
favors percutaneous short-segment interbody screw fixation (PSISF)[4, 5] . Percutaneous minimally
invasive treatment offers low trauma, and placing screws within the fracture segment enhances short-
segment fixation stability. However, PSISF still has biomechanical limitations such as stress
concentration and insufficient anterior support, potentially leading to complications like internal fixation
failure and progressive kyphotic deformity[6, 7] . To address insufficient anterior support, some
researchers have employed techniques like vertebral augmentation or combined anterior-posterior
approaches to enhance anterior support strength[8-11]. While these methods reduce the incidence of
internal fixation failure, they still cannot prevent worsening kyphosis after internal fixation removal[12, 13] .

Our department has designed a novel micro-adjustable external fixation system (MAEF) that offers a
potential solution to this problem. Four pedicle screws on each side of the injured vertebra enhance
fixation and reduction strength. The reinforced external frame provides superior fixation strength, and the
modular, adjustable design of this structure allows for further fine-tuning to address potential loss of
reduction. Furthermore, localized micro-motion  following callus formation at the fracture site can
stimulate callus development and prevent progressive kyphotic deformity. Our previous research has
demonstrated the efficacy of MAEF in the treatment and maintenance of reduced thoracolumbar
fractures[14], particularly as a viable option for patients with TTBFs undergoing percutaneous minimally
invasive procedures. However, the potential biomechanical properties of the MAEF remain to be
explored. This study employs finite element analysis (FEA) to compare the biomechanical characteristics
of PSISF and evaluate the biomechanical properties of MAEF for treating TTBFs, thereby providing a
biomechanical foundation for MAEF's clinical application.

2. Materials and Methods

2.1. Finite Element Model of the Adult
Establishment and Validation of the T11-L3 Thoracolumbar Finite Element Model DICOM files for finite
element modeling (T11-L3 thoracolumbar spine) were acquired from a healthy volunteer (30-year-old
male, weight 76 kg, height 178 cm) using 64-slice spiral CT. A three-dimensional (3D) contour model of
T11-L3 was extracted using Mimics 20.0 (Materialise, Belgium) software through threshold
segmentation, dynamic growth, mask editing, and Boolean operations. Using Geomagic 2012
(Geomagic, USA), slices of the contour model were captured, followed by smoothing, polishing,
denoising, surface construction, and solidification. The model then entered the polygon processing
stage, underwent surface patch distribution, and finally underwent surface solidification encapsulation
to generate a 3D IGES file format (Fig. 1A).
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SolidWorks 2015 (Dassault Systèmes, France) was used to reconstruct the intervertebral disc (matrix
and nucleus pulposus) and articular surfaces. The reconstructed vertebral body comprised cortical
bone, cancellous bone, and endplates. The intervertebral disc consisted of nucleus pulposus and
annulus fibrosus (4:6 ratio). the thickness of the cortical bone was set to 1 mm, and the endplate was
set to 0.5 mm, with friction contact occurring between superior and inferior articular cartilages at a
coefficient of 0.1[15]. Seven accessory ligaments were added, including the anterior longitudinal ligament,
posterior longitudinal ligament, ligamentum flavum, interspinous ligaments, supraspinous ligament,
capsular ligament, and intertransverse ligaments, resulting in the final normal model (Fig. 1B).

2.2. Establishment of Fracture Models and Fixation
Systems
To establish a thoracolumbar fracture model, vertebral resection (laminectomy) was employed to
simulate vertebral fracture. Specifically, half of the L1 vertebral cancellous bone was removed to reduce
anterior vertebral support strength; the posterior structure was preserved to create a finite element
model of an unstable thoracolumbar fracture[16] (Fig. 1C). The dimensions of the internal fixation devices
used are as follows: all screws have a diameter of 5.0 mm, and all connecting rods have a diameter of
5.5 mm, three-dimensional solid modeling was performed using SolidWorks 2015 (Dassault Systèmes,
France) to complete the modeling and assembly of the implant components (Figs. 1D and 1E).

The assembled solid model was imported into Ansys Workbench 18.0 (Ansys, USA) for Boolean
operations. Material parameters (Table 1) were assigned[16, 17], contacts were defined, and free mesh
generation was performed using Solid 186 solid elements (Table 2). Ligament Modeling Based on the
established model, ligament attachment points were identified according to physiological
characteristics. Link180 elements were used for meshing, with the property set to stretchable but not
compressible.

Contact settings between components are configured based on actual conditions: smooth frictionless
contact between small joints, rigid contact between nails and bones, and rigid contact between nail
heads and joints. The friction coefficient for the intermediate rotating pair in the MAEF model is set to
0.05. The rear spring-like support device is designed for compression only, with spring compression
force controlled within the range of 17–350 N.

2.3. Finite Element Simulation
The lower surface of the L3 vertebral body is fixedly constrained. A 400N preload and a pure bending
moment of 7.5Nm are applied to the T11 vertebral body. The percentage change in ROM before and after
fixation, the maximum stress values at the fixation system, the fractured vertebral body (L1), the inferior
endplate of T12, and the superior endplate of L2 are recorded for both models.

3. Results
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3.1. Validation of the Complete Model (T11-L3)
To evaluate the validity of the intact T11-L3 model, a 7.5 Nm torque was applied to simulate
physiological loading forces. Under conditions of flexion, extension, lateral flexion left, lateral flexion
right, rotation left, and rotation right, the ROM of the T11-L3 intact spinal model was 5.92°, 6.41°, 7.92°,
7.64°, 3.43°, and 3.95°, respectively. These values are comparable to previously reported experimental
data[16, 18, 19], thereby validating the model's reasonableness.

3.2. Range of Motion (ROM)
Under six working conditions—flexion, extension, left lateral flexion, right lateral flexion, left rotation, and
right rotation—the ROM values for the normal model (T11-L3) are 5.92°, 6.41°, 7.92°, 7.64°, 3.43°, and
3.95°, respectively; The normal model (T12-L2) exhibited ROM values of 3.77°, 3.68°, 4.38°, 4.24°, 2.23°,
and 2.32°; The ROM values for the MAEF model were 0.92°, 0.85°, 1.04°, 1.05°, 0.32°, and 0.33°; The ROM
values for the PSISF model were 3.53°, 5.36°, 4.29°, 4.41°, 2.22°, and 2.77°. The ROM of the MAEF model
was 8.4%–15.5% of the normal lumbar spine model (T11–L3), while the ROM of the PSISF model was
48.0%–70.9% of the normal lumbar spine model (T12–L2). Thus, both fixed models restricted the ROM
of the normal model, with the MAEF model exhibiting more pronounced restriction (Fig. 2).

3.3. Von Mises Stress of Fixation Systems
Under all loading conditions, the maximum stress values in the MAEF model fixation system were lower
than those in the PSISF model fixation system. The maximum stresses for both models occurred during
left and right rotation. The MAEF model fixation system reached its maximum stress of 77.025 MPa
during right rotation, while the PSISF model fixation system peaked at 170.97 MPa during left rotation.
Stress distribution plots reveal that the MAEF model exhibits more dispersed stresses across all
operating conditions, whereas the PSISF model shows significantly more concentrated stresses,
particularly during left and right rotation. The maximum stress values and stress distribution plots for
both models under six operating conditions (Fig. 3).

3.4. Maximum stress values at the fractured vertebral body
(L1) and adjacent endplates.
Under all loading conditions, the maximum stress values in the fractured vertebral body (L1) of the PSISF
model exceeded those of the MAEF model (Fig. 4A). Specifically, the PSISF model exhibited 1.42 times
higher stress during flexion, 1.23 times higher during extension, 10.62 times higher during left lateral
flexion, 8.63 times higher during right lateral flexion, 5.27 times higher during left rotation, and 3.64 times
higher during right rotation.

Under all loading conditions, the maximum stress values at the inferior endplate of T12 in the PSISF
model exceeded those in the MAEF model (Fig. 4B). Specifically, the PSISF model exhibited 2.03 times
higher stress during flexion, 4.17 times higher during extension, 3.83 times higher during left flexion, 6.58
times higher during right flexion, 1.36 times higher during left rotation, and 1.43 times higher during right
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rotation. The maximum stress values at the L2 superior endplate in the PSISF model were consistently
higher than those in the MAEF model (Fig. 4C), specifically: 4.30 times higher during flexion, 4.96 times
higher during extension, 2.90 times higher during left flexion, 3.14 times higher during right flexion, 2.22
times higher during left rotation, and 1.43 times higher during right rotation. Figure 4D displays the
contour plots of the T12 inferior endplate, fractured vertebral body (L1), and L2 superior endplate under
six loading conditions.

4. Discussion
The optimal surgical approach for TTBFs remains highly controversial among spinal surgeons[20–22].
Compared to traditional open posterior surgery, minimally invasive pedicle screw fixation offers
advantages such as shorter operative time, reduced trauma, and faster recovery, leading to increasing
recommendations by scholars[23–25]. However, even with the addition of two screws to the PSISF at the
fracture plane, biomechanical deficiencies persist, potentially leading to internal fixation failure and
progressive kyphosis worsening[7, 26]. As documented in the literature[27, 28], numerous modified
approaches exist, such as transpedicular vertebral body reinforcement or combined anterior-posterior
procedures, aimed at reducing complications; yet outcomes remain controversial.

MAEF offers a potential solution to this problem. Using a minimally invasive approach, four pedicle
screws are placed bilaterally on either side of the injured vertebra. MAEF provides enhanced fixation
strength, and its adjustable modular design allows further correction for potential loss of reduction.
Furthermore, after callus formation at the fracture site, localized micro-movement stimulates callus
formation, preventing progressive spinal kyphosis. This technique operates on principles similar to the
accordion bone grafting technique[29, 30] .

As observed in our study, the MAEF model exhibited ROM ranging from 8.4% to 15.5% of a normal
lumbar spine model (T11-L3), while the PSISF model demonstrated ROM between 48.0% and 70.9% of a
normal lumbar spine model (T12-L2). The MAEF model significantly restricts lumbar ROM compared to
the PSISF model, providing superior stability conditions for healing thoracolumbar burst fractures.

It is well-known that axial rotational motion warrants attention. Cadaver biomechanical studies indicate
that compared to intact spines, internal fixation systems exhibit significantly reduced stiffness during
axial rotation, making them more susceptible to failure and fracture[31, 32]. This study also observed that
the MAEF model exhibited lower maximum stress values in all loading conditions, particularly during
lateral rotation. This indicates superior protection against axial rotation in the MAEF model, reducing the
likelihood of fracture failure under equivalent loading conditions. Stress contour plots also reveal
significantly higher and more concentrated stresses in the PSISF model across all loading conditions.
This contrasts with the MAEF model, which features a longer fixation segment and a posterior micro-
adjustable expansion device that distributes stresses throughout the entire fixation system.
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This study reveals a significant finding that may explain the favorable outcomes observed in patients
treated with the MAEF model in the previous study[14]. We observed that although the MAEF model
involves long-segment fixation, the maximum stress values at the fractured vertebral body (L1) under
flexion and extension conditions are comparable to those of the PSISF model. However, the maximum
stress values at the fractured vertebral body (L1) under four conditions—left flexion, right flexion, left
rotation, and right rotation—are significantly lower than those of the PSISF model. Under all loading
conditions, the MAEF model exhibited the lowest maximum stress values at the adjacent vertebral
endplates during flexion and extension. This indicates that the MAEF model provides superior stability to
the fractured vertebra under left flexion, right flexion, left rotation, and right rotation conditions. Under
flexion and extension conditions, the micro-adjustable system permits axial stress to act on the
fractured vertebra, avoiding stress shielding caused by long-segment fixation and promoting fracture
healing[33–35] .

Our study has limitations. Finite element analysis can only simulate spinal motion in six directions,
potentially failing to fully replicate all human characteristics. Although both models are minimally
invasive fixation systems, the MAEF model employs long-segment fixation, offering more pronounced
mechanical advantages. We plan to supplement future work with finite element testing comparing it to
traditional open long-segment fixation. The posterior micro-adjustable system cannot fully represent
actual mechanical conditions within finite element components.

5. Conclusion
The novel external fixation device offers superior stress distribution compared to traditional
percutaneous short-segment interbody screw fixation, providing enhanced stability while avoiding
secondary surgical trauma. Its micro-adjustable system permits mechanical stimulation of fractured
vertebral bodies under flexion conditions, preventing stress shielding. Furthermore, it has demonstrated
satisfactory clinical outcomes in early applications.
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Figure 1

(A) Geomagic processing completion model. (B) Normal lumbar model. (C) L1 burst fracture. (D) MAEF
model. (E) PSISF model.
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Figure 2

Range of Motion (ROM).

Figure 3

The maximum stress values and stress distribution plots for both models under six operating conditions.
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Figure 4

(A) Under all loading conditions, the maximum stress values in the fractured vertebral body (L1) of the
PSISF model exceeded those of the MAEF model. (B) Under all loading conditions, the maximum stress
values at the inferior endplate of T12 in the PSISF model exceeded those in the MAEF model. (C) The
maximum stress values at the L2 superior endplate in the PSISF model were consistently higher than
those in the MAEF model.
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