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Abstract: Mandibular reconstruction after tumor resection requires stable fixation that restores
function and facial symmetry while minimizing invasiveness. This study presents and validates
a bicortical screw–plate Temporary External Fixator (TEF) designed to enhance early-stage
mandibular stabilization through optimized geometric configuration. An integrated approach
combining finite element analysis (FEA) and experimental compression testing was employed
to evaluate biomechanical performance under physiologically representative masticatory loads.
Finite-element models of three TEF configurations (2-, 3-, and 4-screw) were analyzed using
isotropic and anisotropic bone properties. Loads were applied as a static 600 N and a cyclic
half-sine waveform. The 3-screw configuration exhibited the highest stiffness of 272.7 N/mm,
lower peak cortical stress (26.49 MPa), and energy absorption of 0.96 J. The experimental
tests on 3D-printed resin mandibles closely matched the FEA predictions , with displacement
deviations below 5%, confirming the model’s predictive reliability. The results highlighted that
strategic screw placement and spacing had a larger impact on biomechanical performance than
screw count alone. The proposed TEF demonstrated favorable structural efficiency, procedural
simplicity, and cost-effectiveness. The computational-experimental framework established in this
work supports future patient-specific optimization and fatigue-life studies for the development
of next-generation external fixators in mandibular reconstruction.

Keywords: Biomechanical performance; Finite element analysis; Mandibular reconstruction;
Screw-Plate system; Temporary external fixator

1. Introduction1

Mandibular reconstruction after segmental defects from trauma, tumor resection, or con-
genital anomalies remains challenging because the mandible underpins speech, mastication, and
facial esthetics; restoring both form and function is therefore critical (Sood et al., 2021). Al-
though definitive reconstructive options have advanced, important limitations persist in the
earliest postoperative phase when mechanical integrity is most vulnerable. Non-vascularized
bone grafts show widely variable failure rates of 10%–54% in immediate reconstructions, and
1For grants, please provide the grant number and the year it was received. Write it as follows: “This work was
supported by the ‘Name of organization’ funded by ’Name of Grant and number’ ”
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even delayed reconstructions using microvascular free flaps can fail in a non-trivial fraction of
cases (approximately 10%) (Alencar et al., 2018). Meta-analytic comparisons further emphasize
the premium on robust fixation and complication avoidance, with success rates reported around
96% for microvascular free flaps versus 7̃5.6% for non-vascularized grafts (Govoni et al., 2023).
These outcomes underscore the need for improved, anatomy-compatible stabilization strategies
that protect alignment and soft tissues during the early healing window and interface well with
subsequent definitive reconstruction.

Temporary external fixators (TEFs) are commonly used to bridge this interval, align seg-
ments, preserve occlusion, and protect soft tissue until definitive reconstruction is feasible
(Bobinskas et al., 2016; Chaiyachet et al., 2024). Historically, TEF frames evolved in parallel
with rigid internal fixation, using combinations of transosseous pins, Kirschner wires, connect-
ing rods, and adjustable joints to maintain segmental stability during early recovery (Pankaj,
2022). However, conventional TEF designs typically rely on Schanz screws inserted approxi-
mately perpendicular to the bone surface (Figure 1). This configuration interacts sub-optimally
with the curved geometry and complex load paths of the mandible, thereby predisposing to
implant loosening, localized bone damage, soft-tissue irritation, and suboptimal stability under
functional loads (Jaber et al., 2023; Schönegg et al., 2022). However, patient-specific implants
manufactured by 3D printing can address geometric conformity but often face high costs, long
lead times, and workflow complexity that limit routine use (Y. Liu et al., 2024). Thus, optimiz-
ing screw-plate configurations within the TEF paradigm represents a practical path to improve
biomechanical efficiency while retaining surgical simplicity and cost consciousness.

Figure 1 Intraoperative photograph of a conventional external mandibular fixation device
with contoured connecting rods and Schanz screws. Adapted from Smolka et al., 2016, with

permission from John Wiley & Sons, Ltd., The British Association of Oral Surgeons

Over the last decade, the research community has increasingly used computer-aided design
and finite element analysis (FEA) to investigate and refine fixation strategies for the edentu-
lous and dentate mandible. FEA enables systematic, in-silico comparisons of stress, strain,
and displacement across alternative constructs, including modular architectures and bicortical
screw configurations designed to distribute forces more evenly and reduce peri-implant stress
concentrations (Bujtár et al., 2010; Chen et al., 2013; Chaiyachet et al., 2025; Izra’ai et al.,
2025). However, important gaps remain. First, many studies emphasize static loading con-
ditions—useful for bounding peak bite forces but insufficient to capture the time-dependent,
multidirectional nature of mastication that alternates compression, torsion, and shear (Zhou et
al., 2020). This limitation constrains insights into fatigue behavior, micromotion, and long-term
stability (Ahmad Kholil, 2023; J. Wang et al., 2020). Second, paired experimental validation
remains limited, and differences between resin or synthetic models and anisotropic living bone
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can lead to discrepancies in absolute responses (M. C. Wang et al., 2023; Koper et al., 2021).
The most robust investigations integrate FEA with mechanical testing to confirm trends and
calibrate models, thereby improving the reliability and translational value of biomechanical in-
ferences (Shi et al., 2021).

To address these needs, this study introduces and evaluates a bicortical screw–plate TEF
concept intended to improve stability while better accommodating mandibular curvature and
anatomic variability. The device is compatible with standard surgical instruments and aims to
streamline intraoperative applications. To ensure numerical stability, reproducibility, and direct
bench comparison, a representative bilateral static compressive load of 600 N was used. Although
physiological loads are multidirectional and cyclic, these conditions were not modeled in the
present work; rather, they motivated our design rationale and will be incorporated in future
studies to broaden biomechanical assessment and strengthen translational relevance. We aim to
generate cross-validated evidence about interface stresses, construct stiffness, and displacement
patterns that can guide iterative TEF design and, ultimately, clinical application by combining
FEA with mechanical testing on 3D-printed resin mandibles.

This study aims to quantify von Mises stress at the bone–screw interface of the bicortical
screw–plate TEF under a representative bilateral static masticatory load of 600 N, evaluate
construct stability by measuring structural stiffness and displacement at key mandibular land-
marks, and validate biomechanical performance by comparing finite element analysis predictions
with bench measurements on 3D-printed resin mandibles subjected to equivalent compressive
loading. Taken together, these contributions advance TEF design toward structurally efficient,
anatomy-adaptable, and potentially cost-conscious solutions. With further validation under
cyclic, multidirectional loading and in anatomically faithful substrates, the findings may inform
fixation strategies that reduce bone disruption, improve early-phase stability, and streamline
surgical workflows in mandibular reconstruction.

2. Materials and Methods Used

Temporary external fixators (TEFs) in mandibular reconstruction provide interim stabi-
lization for patients undergoing segmental mandibulectomy, particularly when access to 3D
patient-specific modeling is limited. Although TEFs can theoretically achieve definitive bone
healing, they are most often used as provisional stabilization before internal fixation because of
practical stability constraints. Clinically, TEFs can maintain occlusion and facial contour and
are especially useful for exophytic lesions involving the soft tissues of the cheek.

2.1 Conversion of Mandibular DICOM Data to 3D Printable STL Models

Computed tomography (CT) data in Digital Imaging and Communications in Medicine for-
mat were obtained from patients and processed to generate three-dimensional (3D) mandibular
models. CT scans were performed using specific parameters to ensure high-resolution imaging,
which is essential for precise modeling. DICOM files were imported into Mimics Research (Mate-
rialise., 2021) for detailed processing and segmentation. Because the mechanical tests used resin
mandibles with uniform properties, a solid (homogeneous) bone model was created to mirror
the test specimens.

The segmentation was accurately performed by thresholding Hounsfield units (HU) to iso-
late the mandibles, followed by slice-by-slice refinement using Mimics editors to correct resid-
ual artifacts and ensure anatomical fidelity. The segmented geometry was then wrapped and
smoothed to yield a continuous, watertight surface suitable for downstream CAD/FEA steps
(Ahmad et al., 2020). The final surface mesh was exported as a stereolithography (.STL) file and
imported into SolidWorks for model assembly and fixture design (Dassault Systèmes., 2020).
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2.2 TEF components and functionalities

A single segmental defect was modeled at the parasymphysis with a 10-mm gap to represent
a typical reconstruction scenario (Chaiyachet et al., 2025). To replicate clinical placement, TEF
components (plate and bicortical screws) were designed in SolidWorks and positioned on the
mandibular segments. Inter-screw spacing on the mandible side was set at 12 mm, consistent
with recommended titanium plate-hole spacing for bone fixation (Prasadh et al., 2022).

This spacing governs the local stress distribution, device stability, and load transfer between
the mandible and fixator. Using realistic distances ensures that subsequent analyses reflect clin-
ically relevant biomechanics. Screw–plate layouts comprising two, three, and four screws were
prepared for comparison. Figure 2 illustrates the TEF components, materials, and anatom-
ical positioning during tumor resection, providing a visual reference for the modeled clinical
configuration.

Figure 2 Screw–plate layouts and TEF assembly for mandibular fixation. (A) 2-screw plate,
(B) 3-screw plate, (C) 4-screw plate, and (D) TEF mounted on a segmented mandible with

labeled components: D1, bicortical screw (Ti–6Al–4V); D2, screw plate (SS316L); D3, clamp
lock (SS316L); D4, connector joint (SS316L); and D5: external rod (carbon fiber)

2.3 Finite Element Analysis (FEA) Setup and Simulation Protocol

Finite element simulations were performed in ANSYS Workbench to evaluate the mechanical
performance and structural response under representative loading (ANSYS Inc., 2021). The
material properties for all components were compiled from experimental biomechanical data
and literature sources and are summarized in Table 1 (Bazyar et al., 2023; Formlabs, 2024;
MatWeb, 2024; Narra et al., 2013; Tümer et al., 2020). The mandible was modeled as a
homogeneous, isotropic, linearly elastic solid to balance numerical accuracy with computational
cost. This approach was consistent with assumptions commonly adopted in finite-element studies
of skeletal fixation (Hemathulin et al., 2024; Zheng et al., 2022).

This representation is suitable for capturing global deformation patterns and overall stress
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distributions under defined loads. However, it does not reproduce the anisotropic and hetero-
geneous characteristics of real bone. Simulations that are more physiologically realistic can
incorporate direction-dependent properties to better reflect load transfer and local stress field,
although with higher computational demands (Bazyar et al., 2023).

Table 1 Mechanical properties for the finite element analysis

Materials
E1 E2 E3 G12 G23 G13

ν12 ν23 ν13

Yield
Strength

GPa GPa GPa GPa GPa GPa (MPa)
Ti-6Al-4V 114 114 114 - - - 0.34 - - 880
316L SS 193 193 193 - - - 0.28 - - 205
Resin 2.0 2.0 2.0 - - - 0.30 - - 39
Carbon Fiber 350 350 350 - - - 0.30 - - 2,231
Cortical Bone 16.0 6.3 6.3 3.2 3.6 3.3 0.30 0.30 0.45 -
Cancellous Bone 1.352 0.822 0.822 0.399 0.370 0.399 0.30 0.30 0.45 -

The analyzed materials (Ti-6Al-4V, 316L stainless steel, resin, carbon fiber, cortical bone,
and cancellous bone) were modeled as isotropic or orthotropic solids depending on their struc-
tural anisotropy. For orthotropic materials, three Young’s moduli (E1, E2, E3) represent stiffness
along the longitudinal, transverse, and through-thickness axes, respectively; three shear moduli
(G1 2, G2 3, G1 3) describe the resistance to shear deformation on the 1–2, 2–3, and 1–3 planes,
respectively; and three Poisson’s ratios (ν1 2, ν2 3, ν1 3) define the transverse strain induced
under uniaxial loading.

2.4 Meshing

2.4.1 Geometry Acquisition and Finite Element Model Setup

A 3D model of the external fixator assembly was created in SolidWorks 2023 and exported
in STEP format for analysis. Finite element simulations were performed in ANSYS Workbench
2023 R1 using the Static Structural module. To accommodate geometrical complexity, the model
was discretized with 10-node quadratic tetrahedral elements using an unstructured free meshing
technique (Keddar et al., 2022).

2.4.2 Mesh convergence study

A mesh convergence study was conducted by systematically refining the element size and
evaluating the maximum displacement at the point of load application to ensure the numerical
reliability of the finite element analysis (FEA). The relative percent error in displacement, x
between successive mesh refinements was calculated as Equation 1.

ε(x) =
(

|ux,i − ux,i−1|
ux,i

)
× 100% (1)

where ux,i denotes the displacement for mesh size i. ux,i−1 is the displacement from the
preceding (finer) mesh. Convergence was achieved when the percentage difference between
refinements dropped below a threshold of 5%.

The mesh convergence study was conducted using systematically refined element sizes rang-
ing from 1.2 to 0.2 mm. The total deformation values showed only minor variation as the mesh
was refined, with the relative percent change progressively decreasing. At an element size of 0.8
mm, the maximum deformation was 89.917 µm, and the change between successive refinements
dropped below 0.1%. Further refinement to 0.2 mm resulted in negligible differences (<0.12%),
confirming convergence of the solution. Therefore, the 0.8-mm mesh, which consisted of ap-
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proximately 317,371 elements, was selected for all subsequent analyses as it provided adequate
numerical accuracy while maintaining computational efficiency.

2.5 Boundary, loading, and contact conditions

The boundary, loading, and contact constraints were defined in the finite element model
to replicate physiological and experimental conditions. To represent joint immobilization, the
temporomandibular joints (TMJs) were fully constrained in all translational and rotational
degrees of freedom, while the anterior teeth and mandibular base were fixed in translation to
reproduce the experimental support setup. To simulate manual compression, a bilateral static
load of 600 N was applied as uniform pressure along the inferior mandibular border (Gutwald
et al., 2017). This magnitude was selected to reflect the physiological bite force range of healthy
adults, thereby providing a realistic mechanical challenge without inducing nonphysiological
failure. The load was prescribed as the surface pressure to avoid numerical singularities and to
more accurately represent the cortical load transfer (Wilken et al., 2024).

A cyclic load of 600 N was applied in the transient structural analysis to capture dynamic
masticatory behavior using a half-sine waveform at a frequency of 1 Hz, corresponding to three
chewing cycles over a total duration of 3 s (Jia et al., 2014). Each chewing cycle was modeled
as a half-sine waveform applied over 0.5 s, followed by a 0.5-s unloading phase (duty ratio =
50%), defined mathematically as follows:

F (t) =

Load · sin
(

π(t − ti)
0.5

)
, ti ≤ t ≤ ti + 0.5,

F (t) = 0, otherwise.

(2)

Contact interactions were defined to reflect clinical mechanics: a friction coefficient of
0.3 was applied at screw–bone interfaces to simulate sliding resistance and potential loosen-
ing (Koper et al., 2021); bonded contacts were assigned at plate–screw–mandible interfaces to
ensure rigid fixation (Lewis et al., 2021); and frictionless contact was specified at the defect site
to allow controlled displacement while maintaining numerical stability (Sagl et al., 2019). Over-
all, these boundaries and loading conditions were selected to balance physiological realism with
computational efficiency. Figure 3 shows the boundary conditions and loading configuration
applied to the mandible model.

Figure 3 Boundary conditions and loading in the finite-element mandible model with TEF.
(A) Static structural setup showing fixed supports at the condylar regions and the anterior
teeth contact area (purple). (B) Vertical compressive load of 600 N applied via the loading

indenter (red arrow)

2.6 Sensitivity analysis

A systematic sensitivity analysis was conducted to evaluate the robustness of the finite
element model. Four key parameters were varied: (I) the screw spacing, adjusted by ±3 mm
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around the baseline 12.0 mm (9.0 and 15.0 mm) to assess the influence of fixation geometry
on load transfer; (II) the applied load, varied between 480 and 720 N (±20% of the baseline
600 N) to represent physiological fluctuations in masticatory force; (III) the elastic modulus
(E1), modified from 12 to 20 GPa (±30% of the baseline 16 GPa) to capture the material range
from 3D-printed resin to cortical bone; and (IV) the mesh density, refined from 1.0 to 0.6 mm
(baseline 0.8 mm) element size to evaluate discretization effects.

The sensitivity analysis quantified how variations in geometric, loading, material, and mesh-
ing parameters affect mandibular displacement and stress responses, thereby establishing the
model’s numerical stability and reliability.

2.7 Finite element analysis validation through experimental testing

Experimental validation of the finite element model was experimentally validated using 3D-
printed resin mandible models fabricated via LFS with a Form3 printer (Formlabs, 2024) using
White Resin V4. These models replicated the human mandible’s anatomical and structural
features. A 10-mm-wide discontinuity was incorporated at the mandibular angle to simulate
a clinically representative segmental defect (Chaiyachet et al., 2025), aligning with cases that
commonly require reconstruction using vascularized osteocutaneous free flaps, such as the fibula
flap (Figure 4). TEF devices were mounted on the resin models using 2.4 mm × 18 mm bicortical
screws inserted into predrilled holes and secured with screw plates.

The assembled models were subjected to mechanical testing using an Instron Bionix® ma-
chine (MTS Insight, 100 kN) under a load-to-failure protocol. A 10 N preload was applied,
followed by a compressive load at 1 N/s until failure, defined as mandible fracture, screw loos-
ening, or displacement exceeding 20 mm (Koper et al., 2021). The resin mandible was rigidly
clamped within a custom-designed jig to prevent unwanted motion during loading. A vertical
compressive force was applied at the molar region using a loading indenter to replicate occlusal
loading. The TEF system remained preassembled throughout testing to ensure that the fixation
conditions were consistent with the FEA model.

Figure 4 Experimental compression testing of 3D-printed mandible resin models with TEF
screw–plate configurations: (A) 2-screw, (B) 3-screw, and (C) 4-screw

3. Results and Discussion

FEA using isotropic material properties under a static 600 N load revealed that the 3-screw
2.4 mm bicortical configuration reduced peak von Mises stress within the mandible while main-
taining structural integrity at the bone–fixator interface and within the overall TEF assembly.
The maximum cortical stress decreased from 62.18 MPa in the 2-screw model to 26.49 MPa
with three screws and 20.60 MPa with four screws, reflecting improved load sharing and fixation
stability. The 3-screw configuration exhibited a more uniform stress distribution and greater
mechanical efficiency, indicating that the number and spatial arrangement of screws influence
the fixation performance. Figure 5 shows the corresponding FEA results for maximum von
Mises stress and strain across the mandible, TEF construct, and peri-screw bone.
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Figure 5 FEA-derived von Mises stress and strain across screw–plate configurations. (A)
Maximum von Mises stress, and (B) Maximum von Mises strain for Entire Mandible, TEF and

Bone surrounding screws

Under cyclic masticatory loading, a half-sine waveform with a peak force of 600 N applied
across three chewing steps with 50 steps/cycle further corroborated these findings. To enhance
physiological realism, the properties of anisotropic materials were assigned to both cortical and
cancellous bone (Bazyar et al., 2023). The 3-screw fixation construct exhibited a peak defor-
mation of 1.054 mm, maximum von Mises stress of 261.07 MPa, and strain of 0.019 mm/mm.
In contrast, the 2-screw configuration showed greater deformation (1.276 mm) and higher stress
(304.30 MPa) and strain (0.023 mm/mm), indicating increased local stress concentration. The
4-screw construct produced slightly lower deformation (1.165 mm) but elevated stress (302.34
MPa) and reduced strain (0.021 mm/mm), reflecting higher rigidity with intensified stress dis-
tribution. Overall, the 3-screw configuration provided the most balanced mechanical response,
combining high stiffness with uniform load transfer and minimal cortical stress concentration.
Under cyclic loading, the maximum cortical stress decreased markedly from 54.61 MPa in the
2-screw model to 27.69 MPa in the 3-screw configuration and 25.56 MPa in the 4-screw config-
uration (Figure 6).

These results indicate that reducing the number of screws increases local stress concen-
tration and strain energy at the plate–bone interface, whereas adding screws enhances overall
stiffness but may introduce overconstraint and elevated local stresses. The 2-screw configuration
exhibited lower deformation but higher von Mises stress, indicating reduced stability under load.
The 4-screw configuration produced slightly greater stiffness but concentrated stress near the
fixation sites, reflecting diminished load-sharing efficiency. In contrast, the 3-screw configura-
tion achieved a balanced mechanical response, combining moderate stiffness with uniform stress
distribution across the mandible. Therefore, this configuration represents the most biomechan-
ically efficient design, effectively mediating the trade-off between global rigidity and local stress
concentration in screw fixation systems.

Figure 6 Maximum von Mises Stress on bone Distribution in 2-Screw, 3-Screw and 4-Screw
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3.1 Results of Sensitivity Analysis

The sensitivity analysis demonstrated that the geometric, material, and numerical variations
had minimal influence on the finite element predictions (Table 2). Varying the screw spacing
by ±3 mm from the baseline value of 12.0 mm resulted in a 10% change in displacement and a
13% change in peak cortical stress, indicating moderate geometric sensitivity. Load variations
between 480 and 720 N (±20%) produced proportional increases in displacement (20.2%) and
stress (22.6%), consistent with the physiological range of linear elastic behavior. In contrast,
modifying the longitudinal elastic modulus (E1) from 12 to 20 GPa affected displacement by
less than 1% and stress by less than 0.5%, confirming low material sensitivity. Refining the
mesh from 1.0 mm to 0.6 mm altered the displacement and stress by less than 1% and 5%,
respectively.

Table 2 Summary of Sensitivity Analysis Results

Case Parameter
Change Value Peak von Mises ∆ s.Baseline Peak Disp. ∆ s.Baseline

ID stress (MPa) (%) (mm) (%)
BL - - 261.70 - 1.054 -
SS09 Screw spacing

(mm)
9.0 312.10 19.25 1.003 -4.83

SS15 15.0 294.59 12.56 0.953 -9.58
L480 Load (N) 480 281.95 7.73 0.816 -22.58
L720 720 254.71 -2.67 1.267 20.20
E-12 Young’s modulus 12 263.39 0.12 1.058 0.38
E-20 (Ei:GPa) 20 262.30 0.25 1.046 -0.76
M1.0 Mesh Size (mm) 1.0 273.33 4.44 1.055 0.09
M0.6 0.6 260.80 -0.34 1.064 0.95

*Note: Abbreviations — BL: baseline model. Parameter variations are defined as follows: SS09 and SS12
represent screw spacings of 9 mm and 15 mm, respectively; L480 and L720 correspond to applied loads
of 480 N and 720 N; E-12 and E-20 denote longitudinal Young’s modulus of 12 GPa and 20 GPa; and
M1.0 and M0.6 indicate mesh element sizes of 1.0 mm and 0.6 mm, respectively.

The sensitivity analysis (Table 2) demonstrated that the geometric, loading, material, and
numerical variations had a limited influence on the finite element predictions. Varying the screw
spacing by ±3 mm from the 12 mm baseline caused a change of up to 19% in the peak von
Mises stress and less than 10% in the displacement, indicating moderate geometric sensitivity.
Load changes between 480 N and 720 N produced nearly proportional displacement responses
(−22% to +20%) and minor stress deviations (< 8%), consistent with linear elastic behavior
within the physiological range. Mesh refinement from 1.0 to 0.6 mm altered displacement by <
1% and stress by ±4.5%, demonstrating numerical convergence and supporting the selection of
the 0.8-mm mesh as a practical balance between accuracy and computational cost. Variations in
the elastic modulus (12–20 GPa) affected results by < 1%, indicating numerical stability. The
predicted magnitudes agree with reported values for mandibular fixation systems (Bazyar et al.,
2023), supporting the physical plausibility of the model. Overall, the finite element framework
is numerically stable and reliable for comparative and parametric analyses and may serve as a
sound basis for further optimization and patient-specific modeling.

3.2 Biomechanical performance of the TEF configurations

Finite element analysis (FEA) and experimental testing were used to evaluate the me-
chanical performance of Temporary External Fixator (TEF) systems with 2-, 3-, and 4-screw
configurations. As shown in Figure 9, the 3-screw setup consistently demonstrated the most fa-
vorable biomechanical characteristics, achieving the highest stiffness (272.7 N/mm) and energy
absorption (0.96 J). This configuration outperformed the 4-screw (250.0 N/mm, 0.88 J) and
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2-screw (214.3 N/mm, 0.60 J) alternatives.
Load-to-failure tests on 3D-printed resin mandibles were performed to confirm the computa-

tional findings. The 3-screw configuration achieved the greatest load-bearing capacity (1899.74
N) and the least displacement (2.05 mm), while the 2-screw setup showed the lowest performance
(1044.78 N, 3.25 mm). The 4-screw arrangement offered moderate stability but also indicated
possible overconstraint due to redundant fixation points. These results emphasize that optimal
screw placement enhances fixation more effectively than simply increasing the number of screws.
The load–displacement curves in Figure 7 demonstrate strong agreement between the FEA and
experimental results, reinforcing the computational model’s reliability.

Figure 7 Comparison of Load–Displacement Curves from FEA and Experimental Testing of
the TEF-Mandible Assembly

3.3 Compression Test Results and FEA Validation

FEA and compression testing showed the same performance ranking across all TEF con-
figurations. The 3-screw layout consistently provided the greatest structural benefit, i.e., the
highest stiffness and largest energy absorption, confirming its biomechanical advantage under
the evaluated loading scenarios. The data are summarized in Table 3.

Table 3 Comparison of Stiffness and Energy Absorption Across TEF Configurations from
FEA and Experimental Testing

Configuration
Stiffness Stiffness

%∆
Energy Energy

%∆(N/mm) (N/mm) Absorption Absorption
FEA Test (J) FEA (J) Test

2-screw 214.3 368.4 −41.8% 0.6 0.445 +34.8%
3-screw 272.7 472.6 −42.3% 0.88 0.933 −5.7%
4-screw 250 468.6 −46.6% 0.6 0.794 −24.4%

Across configurations, FEA underpredicted stiffness by 41.8% − 46.6% relative to the ex-
periment, whereas the energy absorption bias was configuration-dependent (−24.4% to +34.8%).
These deviations are consistent with the idealized boundary conditions, linear-elastic material
assumptions, and simplified contacts, which can depress absolute values while preserving relative
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trends (Lewis et al., 2021). The trend agreement supports the use of this FEA framework for
comparative assessment and early-stage design optimization.

Mechanistically, the 3-screw bicortical configuration likely improves force transmission and
span triangulation across the defect, reducing local stress concentrations and distributing load
more efficiently than either the 2-screw (insufficient constraint) or certain 4-screw layouts (added
hardware not optimally placed relative to the neutral axis). This interpretation aligns with
prior observations that screw configuration strongly shapes cortical and cancellous stress fields
(Chaiyachet et al., 2025), as illustrated in Figure 8. Together, these results reinforce that opti-
mized screw placement governs fixation performance and supports strategic, minimally invasive
external-fixator designs rather than simply adding more hardware.

In context, conventional Schanz screw systems remain popular for their simplicity; however,
they suffer from angular instability, loosening, and assembly complexity that can prolong surgery
and compromise rigidity (Ellis III and Graham, 2002). Locking plates offer dependable inter-
nal stabilization but can cause peri-screw stress concentration and bone resorption under cyclic
loading with predominantly monocortical engagement (Kano et al., 2007). Patient-specific im-
plants (PSIs) achieve excellent anatomical conformity and load transfer but are limited by cost,
lead time, and intraoperative inflexibility (Koper et al., 2021). The present findings place the
proposed TEF as a practical middle ground, leveraging placement-optimized bicortical screws
to approach the stability benefits of more complex constructs while maintaining procedural sim-
plicity. Table 4 summarizes the key comparative features of TEF versus Schanz, locking plates,
and PSIs. The proposed TEF integrates bicortical screw purchase with a modular, externally
applied frame to improve fixation stability while streamlining the setup. Based on the present
biomechanical data, it may function as a practical intermediate option between conventional
systems and patient-specific implants, pending further clinical validation.

Table 4 Comparative design characteristics of mandibular fixation systems

Feature Schanz screw Locking plate Patient-specific
implant (PSI) TEF (proposed)

Fixation type External Internal Custom internal External

Cortical
purchase Monocortical Mostly

monocortical

Monocortical or
bicortical

(design-dependent)
Bicortical

Stability
(general)

Moderate; risk
of loosening

High; may
concentrate

stress
Excellent; precise fit

Improved; more
uniform stress
distribution

Angular stability Limited Good (locking
mechanism)

Excellent (custom
geometry)

Good (screw–plate
triangulation)

Surgical
complexity

Multi-step
manual setup

Plate
contouring and

adaptation

Planning +
fabrication; complex

Simple; modular
assembly

Customization Standard parts Limited Fully customized Semi-custom;
adjustable

Intraoperative
flexibility High Moderate Limited High

Manufacturing
cost Low Moderate Very high Low–moderate

Typical clinical
limitations

Infection risk;
pin/screw
loosening;

lower rigidity

Peri-screw
stress

concentration;
contouring

time

Cost; lead time;
limited intra-op

changes

Under evaluation;
promising

Note: Characteristics of the Schanz screw, locking plate, and PSI were summarized from Ganser et al.,
2007, K. Liu et al., 2021, Suojanen et al., 2017, and Michael et al., 2022. TEF characteristics were
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obtained from this study.

The proposed bicortical screw–plate TEF combines the load-sharing benefits of bicortical
purchase with the workflow efficiency of modular external systems. Under the static and cyclic
masticatory loads defined in Section 3.5, finite element analysis indicated that the 3-screw TEF
configuration yielded lower von Mises stress and smaller displacements than comparison con-
structs modeled within the same framework (Figure 6). Overall, the design offers a balanced
solution among strength, simplicity, and affordability, with the potential to reduce operative
time, hardware costs, and fixation-related complications as validation expands.

Figure 8 Von Mises (equivalent) stress in cortical bone across screw–plate configurations. (A)
Finite-element model showing screw–plate placement on the mandibular segments. (B) Load

application and boundary conditions used in the simulation. (C–F) Von Mises stress
distributions sampled along the superior (“upper”) and inferior (“lower”) cortical tracks on the

right (C, E) and left (D, F) hemimandibles. Adapted from Chaiyachet et al., 2025

The observed reduction in maximum equivalent von Mises stress within the cortical bone
for the 3-screw plate configuration underscores its biomechanical efficiency in promoting uniform
load transfer and mitigating localized stress concentrations. This stress reduction, consistently
observed on both the right and left mandible regions across the upper and lower segments,
suggests that screw quantity alone is not the primary determinant of fixation stability; rather,
strategic placement plays a more influential role. These findings are consistent with those of
previous research on the biomechanical behavior of screw fixation in mandibular reconstruction,
particularly studies involving resorbable screws and their effects on stress distribution in in vitro
models.

4. Conclusions

This study validated a bicortical screw–plate temporary external fixator (TEF) for mandibu-
lar reconstruction using an integrated FEA-experimental workflow. The three-screw configura-
tion demonstrated superior mechanical performance, exhibiting an approximately 27% increase
in stiffness and 47–110% improvement in energy absorption compared with the two-screw con-
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figuration. It also provided more favorable load sharing and reduced peak von Mises stresses,
indicating that strategic triangulation is more critical to mechanical performance than simply
increasing hardware quantity. Although the linear elastic FEA model underestimated absolute
stiffness values, it accurately ranked the relative performance across all configurations, sup-
porting the utility of the integrated workflow for comparative screening. Limitations of the
present study include the use of static loading conditions and isotropic material assumptions.
Future work should incorporate anisotropic bone properties, nonlinear contact mechanics (in-
cluding screw preload and frictional contacts in order to capture microslip and potential loosen-
ing), cyclic physiological loading to evaluate long-term fatigue resistance, and harmonized load
applications and boundary conditions between experiments and simulations. Ultimately, the
three-screw TEF offers a mechanically efficient and cost-effective solution for minimally invasive
mandibular stabilization.
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