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Abstract

The human temporomandibular joint requires stable kinematics for optimal function; however,
structural anomalies such as the bifid mandibular condyle severely compromise this biomechanical
harmony. This study aims to quantify the precise biomechanical behaviour and fracture susceptibility
of the bifid condyle using patient-specific finite element analysis. A high-fidelity 3D computational
model was constructed from the cone-beam computed tomography data of a patient presenting with
a right bifid condyle and concurrent fracture. To establish a comparative baseline, a geometrically
healthy control model was computationally derived. Both models were subjected to a simulated,
physiological multiaxial masticatory load of 1000 N. The simulation revealed that while the healthy
control safely dissipated forces (peak cortical von Mises stress of 62.49 MPa), the bifid morphology
fundamentally disrupted load transfer. Extreme mechanical forces concentrated directly at the
anomalous inter-condylar notch, generating peak equivalent von Mises stresses approaching 500
MPa and peak compressive stresses nearing 600 MPa. Furthermore, localised strain energy density
at the notch peaked at 12 MPa. These internal stress magnitudes significantly exceed the ultimate
yield strength of human cortical bone, providing a direct biomechanical rationale for the clinically
observed fracture. This computational evidence establishes that the bifid condyle acts as a critical
structural vulnerability and energy sink. Consequently, the identification of a bifid condyle warrants
proactive clinical management, as even asymptomatic presentations are highly predisposed to
structural fatigue and macroscopic failure.

Keywords: temporomandibular joint; bifid mandibular condyle; finite element method;
computational biomechanics; stress distribution; condylar fracture

1. Introduction

The human temporomandibular joint (TM]) represents a highly sophisticated biomechanical
system, functioning as a ginglymoarthrodial joint capable of complex rotational and translational
movements (Ananthan et al., 2023). As one of the most mechanically complex and frequently utilised
articulations in the human body, it facilitates fundamental physiological processes such as
mastication, deglutition, and articulation. Consequently, a healthy temporomandibular joint must
accommodate complex, six-degrees-of-freedom kinematics. This functionality defines the TMJ as a
bilateral, compound, and interdependent articulation (Valenzuela-Fuenzalida et al., 2023). The
smooth execution of these multidimensional movements depends heavily on the convex, singular,
elliptical morphology of the mandibular condylar head, which ensures load distribution across the
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biconcave articular disc and the glenoid fossa of the temporal bone (Labib et al., 2025). This
morphological precision results in a highly reproducible, stable kinematic axis encompassing six
degrees of freedom (Scolaro et al., 2022). Furthermore, kinematic studies mapping the instantaneous
centre of rotation reveal that the kinematic centre of a healthy condyle remains highly stable, typically
located slightly posterior and superior to the palpated lateral pole (Yatabe et al.,, 1995). Unlike
conventional synovial joints, the TM] is tasked with executing a highly complex array of coupled
rotational (hinge) and translational (gliding) movements, demanding an exquisite synergy between
the mandibular condyle, the interposed fibrous articular disc, the corresponding glenoid fossa, and a
vast network of masticatory musculature (Marikowski et al., 2021). Therefore, since the convergence
of stable kinematics and neuromuscular interaction is essential for functional homeostasis, preserving
TM]J health is a priority to ensure the correct functions of mastication.

In contrast to the healthy TM]J, the bifid mandibular condyle (BMC) emerges as an exceptionally
rare and aberrant structural anomaly, presenting with an estimated prevalence of merely 0.3% to
3.0% (Borras-Ferreres et al, 2018; Valenzuela-Fuenzalida et al, 2023). Although its precise
aetiopathogenesis remains a subject of ongoing debate—broadly dichotomised into congenital
developmental defects or acquired traumatic events (Borras-Ferreres et al., 2018) — the morphological
manifestation is uniformly characterised by a complete or partial duplication of the condylar head,
typically demarcated by a distinct central groove (Zengin et al., 2025). This bifurcation, which may
present in either an anteroposterior or mediolateral orientation, is anatomically driven by variations
in dense fibrous connective tissue that subsequently induce the infoldings of the articular disc during
development [Antoniades et al., 2004; Lo, 2019].

The introduction of this atypical morphology compromises the stomatognathic system. The
inherent structural irregularities of the bifid condyle critically disrupt physiological load distribution
across the articular surfaces. Such biomechanical perturbations not only induce chronic
temporomandibular instability but also frequently serve as a primary catalyst for severe
osteoarthritic degeneration (Zengin et al., 2025). To accommodate the persistent mechanical stress of
a dual-headed condyle, the surrounding joint architecture is forced into a severe pathological
adaptive response; specifically, the glenoid fossa undergoes significant osseous remodelling, a
process that fundamentally displaces the kinematic centre of the joint.

The prevalence of the bifid mandibular condyle has been a subject of academic debate, a
discrepancy driven by the varying sensitivity of the diagnostic methodologies employed across
studies (Haghnegahdar et al., 2014). For decades, the inherent limitations of two-dimensional
imaging, specifically panoramic radiography (PAN), obscured both the true prevalence and the
intricate structural complexity of this condition. Studies utilising PAN consistently report artificially
lower prevalence figures; this underrepresentation is directly attributable to the inherent flaws of 2D
projection, including magnification errors, distortion, and the problematic superimposition of the
zygomatic arch and cervical vertebral column over the condylar region (Zengin et al., 2025).
Consequently, this superimposition of adjacent anatomical structures frequently masked the dual-
headed nature of the anomaly, regularly leading to clinical misdiagnoses such as simple condylar
fractures or neoplastic tumours.

The emergence of three-dimensional imaging tools, primarily Computed Tomography (CT) and
Cone Beam Computed Tomography (CBCT), has altered the morphological understanding of the
BMC. In contrast to 2D techniques, 3D imaging facilitates the precise spatial visualisation of the
condyle across axial, coronal, and sagittal planes, revealing the true morphology of the bifid heads
(Zengin et al., 2025). Furthermore, high-resolution micro-CT evaluations have exposed profound
microarchitectural compromises within the BMC. These quantitative analyses reveal a significantly
reduced cortical volume, a lower absolute bone volume fraction (BV/TV), and an expanded trabecular
separation when compared to a healthy joint (Torres-Villar et al., 2025).

Although literature now details the gross morphological and microstructural characteristics of
the BMC, the mechanical behaviour of this aberrant anatomical structure is not fully understood.
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Therefore, there remains a distinct absence of robust evidence delineating the precise mechanical
response of the BMC, specifically in terms of quantifiable stress and strain distributions.

To overcome the limitations of clinical imaging when evaluating the structural response of the
bifid mandibular condyle under physiological loading, the Finite Element Method (FEM) provides a
vital, non-invasive, and human-specific alternative. It is the ’‘gold-standard’ computational
methodology for predicting the complex biomechanical behaviour of both soft and hard tissues
within the human mandible and temporomandibular joint (Mankowski et al., 2021).

FEM operates by discretising continuous anatomical structures into a finite number of
manageable sub-domains, or elements. This process allows the precise numerical calculation of
strain, stress, and displacement distributions across the joint complex under specific, user-defined
scenarios (Shu et al., 2021a). The accuracy of any FEM simulation rests upon three core mathematical
pillars: the resolution of the geometric mesh, the assignment of accurate material properties, and the
replication of physiological boundary and loading conditions.

Within morphologically normal mandibles, the application of these has yielded critical
physiological and clinical insights. Simulations of axial loading directed along the natural condylar
trajectory demonstrate that maximal von Mises stress concentrations occur at the narrow condylar
neck. In healthy models, the threshold for macroscopic fracture initiation is measured at 1895 + 393
N of compressive load and 3.1 + 0.6 mm of linear displacement (Zhao et al., 2025).

Longitudinal computational tracking quantifies the phenomenon of stress shielding and its
impact on post-operative condylar remodelling. FEM demonstrates that at Week 0 post-fixation, the
equivalent stress on rigid titanium hardware is 7 to 9 times greater than at Week 12 (Jing et al., 2015).
This stress shielding phenomenon is the primary biomechanical mechanism driving the condylar
flattening, volumetric loss, and dimensional remodelling observed on follow-up CBCT scans (Jing et
al., 2015). This computational data validates clinical protocols recommending intermaxillary elastic
traction and a strict liquid diet during the initial four weeks to reduce overall stress magnitude.

Despite these advances in evaluating cranial structures and normal temporomandibular
kinematics, a gap exists regarding structural anomalies. While FEM is proven in standard
morphologies, there is no published evidence, to the best of the authors’ knowledge, indicating
previous studies have utilised FEM to evaluate the structural and biomechanical response of the bifid
mandibular condyle.

While the bifid mandibular condyle constitutes a rare structural anomaly, the integration of
high-resolution, three-dimensional imaging modalities reveals a higher clinical incidence than
historical radiographic data suggested. Contemporary imaging excels in static morphological
diagnosis; however, it lacks the capacity to quantify the dynamic, biomechanical response of the
temporomandibular joint under functional loading.

To address this gap, this study proposes the implementation of a patient-specific, in-silico Finite
Element Method model of a diagnosed BMC. The aim is to elucidate the mechanisms by which
physiological forces translate into asymmetric load distributions within the atypical joint
architecture. Rather than introducing a novel computational framework, this research leverages
established FEM principles to map the aberrant stress-strain trajectories across the compromised
articulation. The central hypothesis postulates that quantifying these biomechanical deviations from
physiological baselines will provide the foundational understanding required to design and develop
targeted, patient-specific therapeutic interventions.

2. Methods

2.1. Geometric Acquisition and 3D Reconstruction

2.1.1. Subject Data and Ethical Framework

The computational model was derived from a high-resolution cone-beam computed
tomography (CBCT) scan of a 25-year-old female diagnosed with hypermobile Ehlers-Danlos
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syndrome (hEDS). Imaging was originally indicated due to joint pain and severely restricted
maximum mouth opening (15.22 mm). Radiological assessment revealed a right bifid mandibular
condyle with active degeneration and a concurrent fracture (Figure 1). The contralateral (left) condyle
was clinically and radiographically confirmed to be morphologically intact, devoid of prior
pathological or surgical compromise.

The use of anonymised patient radiographic data for the development of these computational
models was conducted in strict accordance with the Declaration of Helsinki (World Medical
Association, 2024). The study protocol and the utilisation of the clinical dataset were reviewed and
approved by the Human Research Ethics Committee (CEISH) at Universidad UTE (Approval
Number: CEISH-UTE04-2026-026). Informed consent for the use of diagnostic records for research
purposes was obtained prior to the commencement of the study.

Figure 1. Coronal computed tomography imaging of the temporomandibular joint complex in a patient with

hEDS, demonstrating significant structural asymmetry. (A) Detailed magnification of the right mandibular
condyle, highlighting the bifid presentation and a distinct structural fracture. (B) Magnified view of the healthy,
dimensionally normal left mandibular condyle, extracted from a different coronal slice depth to properly

demonstrate its native morphological integrity.

2.1.2. Imaging Protocol and Data Acquisition

The CBCT imaging was specifically acquired to characterise the anomalous osteology of the bifid
mandibular condyle, employing a Planmeca ProMax 3D CT scanner (Helsinki, Findland) with
isotropic voxel size of 0.400 mm, The scan was acquired with a field of view of 20.0 x 17.4 cm, a tube
voltage of 120 kV, a tube current of 6 mA, and an exposure time of 9.036 seconds. To preserve the
precise spatial coordinates and dimensional fidelity of the craniofacial complex, the raw volumetric
data was exported in the Digital Imaging and Communications in Medicine (DICOM) standard.

2.1.3. Image Processing and Segmentation

The DICOM dataset was imported into Blue Sky Plan 5 Version 5.0.27 (Libertyville, United
States) for segmentation. The isolation of the relevant osseous structures, including the duplicated
condylar heads, mandibular fossa, and articular eminence, was achieved employing an Automatic
Jaw Segmentation protocol. This feature utilises machine learning algorithms to autonomously
identify and partition distinct tissue densities—encompassing bone, teeth, nerves, and airways—
directly from the volumetric data. This automated process was subsequently supplemented by
manual refinement to ensure rigorous artefact reduction and precise anatomical boundary
delineation.
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2.1.4. Surface Generation and Mesh Export

Following segmentation, the isolated region of interest was converted into a highly resolved
three-dimensional solid representation and exported as a standard tessellation language (.STL) file,
thereby establishing the foundational stereolithographic mesh requisite for the subsequent reverse
engineering and finite element discretisation phases.

2.2. Solid Modelling and Spatial Discretisation

2.2.1. Anatomical Refinement and Control Model Generation

Following geometric acquisition, the stereolithographic (.STL) surface mesh was directly
imported into Gmsh 4.15.1 (Geuzaine and Remacle, 2009). Within this environment, the geometric
mesh, representing the complex biological surfaces of the mandible, was refined to eliminate
geometric anomalies. This process yielded a contiguous solid model suitable for finite element
analysis. To establish a rigorous comparative baseline for evaluating the biomechanical behaviour of
the anomalous joint, an in silico control model was mathematically generated (Figure 2). This
comparative mandible was constructed by numerically duplicating the morphology of the
contralateral, healthy condyle and mirroring it to replace the bifid articulation. This process generated
a symmetrical control mandible dimensionally identical to the experimental model, isolating the bifid
condyle as the sole structural variable.

Healthy
Healthy - Hea(lithly condyle
condyle . condyle

Mirror
plane

@) (b)

Figure 2. Computational derivation of the in silico healthy control model. The clinical case (a) displays the
original 3D reconstruction of the patient’s mandible, illustrating the anomalous right bifid condyle (yellow) and
the native healthy left condyle (blue), separated by a mid-sagittal mirror plane. Through geometric reflection,
the artificially generated control model (b) was constructed, featuring bilateral healthy condyles to serve as a

structurally symmetrical baseline for biomechanical comparison.

2.2.2. Spatial Discretisation and Mesh Quality Assurance

To ensure mathematical stability and computational accuracy, the discretisation protocol
prioritised the generation of a high-fidelity mesh governed by strict quality parameters (Figure 3).
The integrity of the computational grid was validated against established quality thresholds to
preclude numerical distortion during the finite element analysis (Burkhart et al., 2013; Rivera-Tapia
et al., 2025). Specific attention was directed toward optimising the global element size, minimising
average skewness, and maintaining strict controls over aspect ratio and Jacobian determinants (Table
1).
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0.0002926

Figure 3. Distribution of Jacobian determinants across the C3D4 tetrahedral mandibular mesh. The strictly
positive minimum value (0.00029) confirms the absence of negative Jacobians, validating the geometric integrity

of the thin-walled cortical structures and ensuring global computational stability.

Table 1. Quantitative metrics of the spatial discretisation and mesh quality.

Acceptable

Parameter Value Threshold
Linear 4-node tetrahedral

Element Type (C3D4), solid tetrahedrons N/A
Global Element Size 1 mm N/A
Bifid condyle groove element size 0.25 mm N/A
Total Number of Elements 1336192 N/A
Total Number of Nodes 269900 N/A
Average Element Quality 1.172 >0.1
Average Aspect Ratio 1.15 <5.0
Average Skewness 0.25 <40°

2.3. Constitutive Material Models

To accurately represent the direction-dependent mechanical behaviour of the internal osseous
tissue, both the mandibular trabecular and cortical bone regions were defined using linear, elastic,
and orthotropic constitutive models (Figure 3, Table 2). The specific orthotropic properties required
for this formulation —comprising Young’s moduli (Ex, Ey, Ez), Poisson’s ratios (vxy, vxz vyz), and shear
moduli (Gxy, Gxz, Gyz) — were parametrised according to previously validated experimental data
(Table 2, Figure 4) (Gacnik et al., 2014; Hart et al., 2017; Morgan et al., 2018).

Spatially, the entire osseous domain was discretised utilising three-dimensional, four-node
tetrahedral solid elements (C3D4). Within this computational framework, the cortical layer was
explicitly modelled with a uniform volumetric thickness of 1 mm. This methodological choice
addresses the severe challenges inherent in segmenting distinct cortical micro-layers from standard
CBCT datasets whilst accommodating the extreme geometric complexity of the craniofacial
architecture. Enforcing this 1 mm thickness across the cortical continuum prevents severe mesh
distortion within thin-walled regions, thereby avoiding the generation of negative Jacobians and
ensuring robust computational convergence throughout the finite element analysis.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 2. Mechanical properties of the mandibular trabecular and cortical bone (Falcinelli et al., 2023; Gacnik et
al., 2014; Mankowski et al., 2021; Morgan et al., 2018; Ohman—Miigi et al., 2021).

Property Property Direction Trabecular Cortical

Density (kg/m3) r 500 1,900
Ex 1148 12,510
Young’s Modulus (MPa) Ey 1148 19,750
E: 210 10,630

Gxy 434 5,840

Shear Modulus (MPa) Gz 68 4,850
Gz 68 3,890

Txy 0.322 0.226

Poisson’s Ratio Tz 0.055 0.246

My 0.055 0.313

Max Comp(ﬁls;:)e strength (5e ) 30427 159
Max Tensile strength* (MPa) (Sc)max 2.23+0.76 72

Note: * Maximum compressive and tensile strength is applied as a mean isotropic value, providing a

representative threshold to evaluate ultimate bone resistance and assess fracture risk.

Figure 4. Spatial orientation of the global and local coordinate axes (X, Y, Z) mapped onto the mandibular
geometry. These systems defined the principal material directions required for the application of the orthotropic
constitutive model to the cortical and trabecular bone.

Because this study focused strictly on the isolated mandibular geometry, the temporal bone,
cranial base, articular disc, and any restorative hardware were excluded from the computational
framework.

2.4. Boundary Conditions

2.4.1. Kinematic Constraints

To accurately approximate the physiological environment during multiaxial loading and
prevent rigid body motion, the computational model employed a combination of elastic supports and
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kinematic constraints, wherein the TMJ was modelled as a hinge support (Figure 5). Because the
TM]J’s initial functional phase involves pure rotation prior to translation (Wong et al., 2016), fixing
translational degrees of freedom (X, Y, and Z set to zero) while permitting rotations captures the
physiological reality of the condyles being firmly seated within the glenoid fossae. This specific
boundary condition is a validated approach to evaluate localised structural responses while
preventing unconstrained rigid body motion (Ding et al., 2015; Zhang et al., 2023).

Conversely, the notch region of the bifid condyle was maintained free of boundary constraints,
a methodological decision directly corroborated by radiological imaging evidence. To simulate the
resistance of a static frontal bite during mastication, an elastic support was defined across the anterior
dental surfaces. The nodes corresponding to the incisor zone were assigned a foundation stiffness of
2000 N/mm?, replicating the compliant nature of the occlusal contact (Gregolin et al., 2017). Because
the computational domain was strictly limited to the isolated mandibular geometry, the articular disc
and complex temporomandibular joint articulation mechanics were omitted. For the healthy
mandible, the condyles were assigned fixed displacement constraints to model the TM] as a hinge
support, restricting translation to accurately capture the physiological reality of the condyles being
firmly seated within the glenoid fossae under quasi-static loading.

Displacement Displacement

o {Support (xy2)  Support (x,2)

\

Elastic
support

Figure 5. Hinge supports employed in the numerical model. Detail view of fixed zero-displacement constraints
(orange) applied to the superior surfaces of the right bifid condyle (above) and left healthy condyle (below).
Detail view of the elastic support constraint (green) applied to the anterior incisor teeth zone.

2.4.2. Physiological Muscular Loading Protocol

To replicate the in vivo mechanical environment of a critical masticatory event, a total
symmetrical force of 1000 N was applied to the mandible. Rather than simulating pathological
overloading, this magnitude represents the accepted upper limit of normal maximum voluntary bite
force (Ding et al., 2015; Gregolin et al., 2017; Shu et al., 2021b). Utilising this physiological maximum
directly influences the computational results by generating the peak expected stress and strain
envelopes, thereby ensuring a conservative and robust clinical assessment of structural safety. To
guarantee biofidelic load transfer, this total force was resolved into established three-dimensional
vectors (Gregolin et al., 2017) and applied directly to the anatomical insertion areas of the primary
elevators (Figure 6), distributing the load among the masseter (500 N), medial pterygoid (300 N), and
temporalis muscles (200 N) (Table 3).
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Masseter Masseter
left right

Medial Medial
pterygoid pterygoid

left right \

Figure 6. Location and direction of masticatory loads applied in the numerical model. (a) masseter and medial

pterygoid muscles, and (b) temporal muscles.

Table 3. Physiological loading parameterisation of the mandible while mastication (Al-Ahmari et al., 2015;

Gregolin et al., 2017).
X-axis Y-axis Z-axis Total
Muscle Group (N)(Medial/L (N)(Anterior/Posterior)  (N)(Superior/Inferior) Magnitude
ateral) (N)
Masseter right -104.7 -51.7 221.2 250
Masseter left 104.7 -51.7 221.2 250
Temporal right 50.0 22.1 83.7 100
Temporal left -50.0 22.1 83.7 100
Medial 5.8 72,9 118.6 150
pterygoid right
Medial 55.8 729 118.6 150
pterygoid left

2.5. Contact Interactions and Interface Conditions

A tied face-on-facet contact formulation rigidly bonded the 1 mm cortical layer to the internal
trabecular core, ensuring structural continuity. To prevent non-physical sliding or mesh separation
under muscular loading, the solver enforced this interface using a penalty method with a penalty
factor of 100 and a penetration tolerance of 0.1. These specific parameters were selected to optimise
computational convergence whilst strictly maintaining the physical and kinematic realism of the
internal osseous boundaries.

The computational model explicitly excluded the fibrous articular disc, retrodiscal tissues, and
capsular ligaments. This decision intentionally simplified the joint’s complex multi-body interactions.
Instead of simulating dynamic osseous contact, fixed displacement constraints applied to the superior
condylar facets managed the articulation under nominally frictionless tangential behaviour. This
standardised interface protocol applied uniformly across all simulated geometries. The bifid
condyle’s structural anomaly —including its dual heads and explicitly unconstrained central notch—
required no unique multi-body interaction algorithms or modified contact definitions. Maintaining
this uniform contact behaviour ensures a strictly controlled comparative baseline against the healthy
mandibular model.
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2.6. Model Validation and Clinical Evaluation Criteria

Evaluating the specific biomechanical impact of the bifid anomaly required the computational
creation of a healthy, anatomically normative mandibular control model. Digitally reconstructing a
standard, singular condylar morphology directly onto the patient’s specific anatomy inherently
eliminates confounding inter-patient variables, such as disparities in bone size, age, and underlying
physiological conditions. This strictly controlled benchmark serves two critical scientific functions,
significantly widening the clinical relevance of the research beyond a singular pathological
observation.

First, this computationally generated healthy jaw establishes a highly reliable baseline for
methodological validation. By systematically comparing the stress distributions and magnitudes
against established in vivo and computational temporomandibular joint literature (Gregolin et al.,
2017; Mankowski et al., 2021; Zhao et al., 2025), the initial phase confirms the physiological accuracy
of the global stiffness matrix, boundary conditions, and applied muscular loading protocols.

Second, to establish clinical validation of the pathological model, the computational stress
distributions were spatially correlated with the patient’s radiological data. Specifically, the in silico
regions of peak equivalent von Mises stress (serving as a scalar indicator of structural compromise)
and Principal stresses (delineating pure tensile and compressive failure modes) were mapped
directly onto the macroscopic fracture morphology visualised in the patient’s post-trauma CT images
(Figure 1). This spatial comparison was conducted to evaluate the congruence between the
mathematically induced zones of critical stress concentration and the actual in vivo fracture lines,
thereby assessing the patient-specific predictive accuracy of the computational framework.

Following this rigorous validation, the post-processing phase evaluated the broader clinical
implications of the structural anomaly. The computational framework quantitatively compared the
stress concentrations at the pathological unconstrained central notch and dual articular heads directly
against the control. This strict comparative pipeline successfully isolates the specific mechanical
deviations induced solely by the structural anomaly.

3. Results

3.1. Baseline Biomechanics of the Control Model

Under muscular loading, the healthy mandibular model demonstrated an efficient and stable
transfer of forces. Within the cortical shell, the equivalent von Mises stress peaked at 62.49 MPa,
predominantly localising at the ramus, with visible stress concentrations extending along the anterior
aspect of the condylar necks (Figure 7). As the mechanical load transferred internally, the underlying
trabecular core exhibited profound stress shielding. The maximum von Mises stress within the
cancellous bone dropped significantly to 1.6 MPa at the ramus (Figure 8), illustrating the cortical
shell’s structural capacity to absorb and dissipate functional loads before they reach the internal
network.

Principal stress analysis was utilised to isolate pure tensile (c1) and compressive (o3) stress
distributions across the cortical shell and underlying cancellous network (Figure 9). Within the
cortical bone, peak tension (c1) reached 31.85 MPa, orientated primarily along the medial rami,
whereas peak compression (o3) reached -40.6 MPa, localising at the anterior condylar necks. This
robust load dissipation effectively shielded the internal trabecular compartment, which registered
nominal stress magnitudes, peaking at merely 1.0 MPa in tension and -0.16 MPa in compression.
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Figure 7. Cortical stress distribution across the “healthy” mandibular model under physiological loading. The
colour map quantifies the equivalent von Mises stress in MPa. Magnified insets (A, B) detail the primary stress

concentrations localising on the anterior aspect of the condylar necks.

Figure 8. Internal stress distribution across the trabecular core of the healthy mandibular model under

physiological loading. The colour map quantifies the equivalent von Mises stress in MPa. .
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Figure 9. The 1st Principal Stress maps isolate maximum tension, demonstrating the cortical shell (a)
experiencing peak tensile stresses along the medial rami, while the trabecular core (c) dissipates these loads.
Conversely, the 3rd Principal Stress maps isolate maximum compression, with the cortical shell (b) absorbing
peak compressive stresses at the anterior condylar necks, thereby shielding the internal trabecular network (d).

Stress is quantified in MPa.

3.2. Altered Load Dissipation within the Bifid Condyle

In the pathological bifid model, the equivalent von Mises stress distribution exhibited a
markedly different spatial pattern compared to the healthy baseline. Under identical physiological
loading as the control group (Figures 7, 8, and 9), the induced cortical von Mises stress reached a
computed maximum of approximately 500 MPa, far exceeding physiological limits. This extreme
mathematical peak did not distribute along the ramus; rather, it localised as a highly concentrated
focal band directly across the anomalous inter-condylar notch (Figure 10c), indicating a zone of
inevitable structural collapse.

The internal trabecular core mirrored this altered spatial distribution. While the healthy
cancellous bone maintained widespread low-stress shielding, the trabecular compartment of the bifid
model demonstrated a peak equivalent von Mises stress of 2.6 MPa, similarly localising directly
beneath the pathological notch (Figure 11c).

The evaluation of principal stress vectors provided a descriptive mapping of the tensile and
compressive forces acting upon the altered anatomy (Figure 12). Within the cortical shell, the 1st
Principal Stress maps revealed a maximum tensile load of 450 MPa. This peak tension was visually
isolated at the anomalous notch (Figure 12a), contrasting with the more diffuse distribution seen in
the intact model. The 3rd Principal Stress maps demonstrated a corresponding peak compressive
force of nearly 600 MPa, converging at the exact same inter-condylar notch region (Figure 12b).
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Figure 10. Equivalent von Mises stress (MPa) distribution across the cortical shell of the pathological bifid model.
Panels (a)-(d) illustrate the altered mechanical load pathways. Magnified inset (A) isolates the critical stress

concentration localising at the anomalous anterior inter-condylar notch.

Figure 11. Equivalent von Mises stress (MPa) distribution across the internal trabecular core of the pathological
bifid model. Panels (a)-(d) illustrate the altered mechanical load pathways. Magnified insets (A, B) isolate the

critical stress concentrations localising at the anomalous anterior inter-condylar notch.
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This focal concentration of purely tensile and compressive forces was also present within the
cancellous bone. The internal trabecular network recorded a peak tensile force of approximately 2
MPa (Figure 12c) and a maximum compressive force of 2 MPa (Figure 12d), both spatially aligned
with the cortical stress concentrations above them.

Figure 12. Principal stress (MPa) distribution across the pathological bifid model, distinguishing the cortical shell
(a, b) and internal trabecular core (c, d). The 1st Principal Stress maps reveal critical tensile forces localising at
the anomalous inter-condylar notch (a, inset A) and propagating internally (c). The 3rd Principal Stress maps
show extreme compressive forces concentrating at the same notch (b, inset B), severely disrupting load transfer
to the trabecular network (d).

3.3. Strain Energy Density Analysis

An analysis of strain energy density (SED) established the direct mechanical link between the
observed stress concentrations and structural failure (Figure 13). The healthy condyle, with its
smooth, intact, uncompromised geometry, was shown to efficiently and safely distribute mechanical
energy across its entire structure (Figure 13b). Under physiological loading, mechanical energy was
safely dissipated, resulting in uniformly low and entirely physiological SED values throughout the
healthy condylar bone, visible as a predominantly blue spectrum in the colour map. In contrast, the
geometrical anomaly of the bifid structure acted as a severe energy sink. The sharp pathological inter-
condylar notch (Figure 13a, inset A) operated as a stress and energy concentrator. Within this
anomalous region, localised strain energy density was observed to accumulate and peak at 12 MPa,
represented by a localised red ‘hot spot” in the map. This dramatic, localised concentration of strain
energy generated internal stress levels approaching 500 MPa.
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Figure 13. Strain energy density in (a) a right bifid condyle and (b) a right healthy condyle.

4. Discussion

This study developed the first finite element analysis of the bifid condyle, to the authors’
knowledge, to explore the biomechanical behaviour that leads to its fracture. While previous
assessments of this anomaly have predominantly relied on radiographic observation (Borras-Ferreres
et al.,, 2018; Haghnegahdar et al., 2014; Zengin et al., 2025), the current computational framework
offers a quantitative evaluation of the internal stress distribution. To establish a comparative baseline,
a healthy condyle was computationally reconstructed from the patient’s own intact anatomy. This
approach isolated the anomalous bifid geometry as the primary variable under investigation, aiming
to control for individual physiological factors such as loading, cortical and trabecular bone and
overall mandibular size.

The results suggest that the bifid condyle may act as a potential structural vulnerability that
alters physiological load dissipation. Specifically, the mechanical simulations demonstrated marked
stress and strain energy concentrations localising at the inter-condylar notch. These computationally
predicted concentrations align with the clinical radiographic evidence of the patient’s actual fracture
site. This correlation provides a plausible biomechanical rationale for the structural failure, indicating
that the bifid geometry may increase susceptibility to fracture under standard masticatory forces.

As demonstrated by the healthy control model, stress dissipation successfully maintains both
tensile and compressive stress well within physiological thresholds (Nogueira et al., 2025; Widyastuti
et al,, 2026). However, the introduction of a bifid morphology fundamentally disrupts this protective
mechanism (Labib et al., 2025; Zengin et al., 2025). The sharp inter-condylar notch acts as a severe
stress concentrator, creating a focal point of extreme mechanical deviation. Exhibiting a localised
strain energy density peaking at 12 MPa (Figure 13) and corresponding theoretical internal stresses
approaching 500 MPa (Figure 10), the altered bifid anatomy induces stress concentrations that
significantly exceed the ultimate compressive strength of standard human cortical bone (159 MPa,
Table 2). Because the computational framework assumes linear elastic behaviour without simulating
physical crack propagation, this 500 MPa magnitude represents a mathematical peak rather than a
sustainable physiological state. However, this extreme magnitude serves as a robust predictive
indicator of structural collapse; the computational prediction that the pathological geometry cannot
withstand standard functional loading is directly validated by the clinical CT imaging (Figure 1),
which exhibits macroscopic bone fracture corresponding to these high-stress regions.

Building upon this concentration of force, a distinct hypothesis regarding the initiation and
propagation of the fracture can be formulated. The computational evidence suggests that the
mechanical damage initiated at the regions experiencing maximal constraint, specifically
corresponding to the fixed displacement zone in the model (Figure 5). This mechanical vulnerability
aligns with established biomechanical principles, where maximum loading pathways within the
condylar arch dictate structural failure (Seving Giil et al., 2025). Because the cortical shell at the notch
absorbs the brunt of this extreme energy concentration, it loses its ability to shield the internal
structures. Consequently, it is hypothesised that mechanical failure initiates as a distinct cortical

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

d0i:10.20944/preprints202605.0561.v1


https://doi.org/10.20944/preprints202605.0561.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2026 d0i:10.20944/preprints202605.0561.v1

16 of 20

rupture at the fixed displacement zone, subsequently forcing the underlying trabecular network to
absorb chaotic, unshielded loads. This sequential failure mechanism acts as a critical structural
vulnerability, providing a direct biomechanical explanation for the clinically observed fracture of the
cortical shell.

To contextualise the severity of the load dissipation in the bifid model, it is necessary to compare
the stress magnitudes obtained in this study with the computational formulated healthy case. In the
healthy control model, the equivalent von Mises stress within the cortical shell peaked at 62.49 MPa
(Figure 7). This magnitude aligns closely with multiple independent finite element analyses of the
intact mandible under physiological masticatory loading. Under simulated clenching, peak von mises
stresses in the standard condylar neck region have been reported to reach approximately 40 to 60
MPa (Ding et al., 2015). Comparable healthy cortical stress distributions, ranging from 50 MPa to 80
MPa, are consistently documented under similar functional loads (Gregolin et al., 2017; Mantkowski
et al., 2021) . Therefore, the physiological baseline (62.49 MPa) generated in this study closely
replicates the outcomes of previous studies without reaching the max compressive strength of the
cortical bone of the mandible (Gregolin et al., 2017). However, the introduction of the bifid anomaly
radically altered these standard load distributions. The literature indicates that the ultimate tensile
strength of human cortical bone typically falls between 100 MPa and 150 MPa (Ohman-Magi et al.,
2021), while its ultimate compressive strength is approximately 150 MPa to 200 MPa (Marikowski et
al., 2021; Seving Gilil et al., 2025). Under identical simulated loading, the anomalous inter-condylar
notch in the bifid model generated a 1st Principal Stress (tension) of 450 MPa and a 3rd Principal
Stress (compression) of nearly 600 MPa. Because the local forces generated at the bifid notch exceed
these established biological yield limits of cortical tissue by a factor of roughly three to four this
extreme mechanical overload directly caused the condylar fracture observed in the diagnostic
radiograph (Figure 1).

The clinical implications of this mechanical deviation are significant. In routine practice, the
mandibular bifid condyle is frequently dismissed as a benign, incidental radiographic variant, largely
because many cases do not present with acute clinical symptoms. However, the present analysis
establishes that the absence of immediate symptomatology does not equate to long-term mechanical
stability. Regardless of clinical presentation, the structural discontinuity acts as a critical energy sink,

accumulating a peak Strain Energy Density (U = 1/ 9 O€ ) of 12 MPa under standard muscular

loading (Figure 13). Unlike healthy, congruent articulations that uniformly dissipate masticatory
work across broad cortical and cancellous volumes (Chen et al., 1998), the anomalous curvature of
the pathological joint disrupts physiological load transfer. This geometric irregularity induces severe
stress concentrations, compelling highly localised trabecular regions to absorb elastic energy well
beyond their structural transfer capacity (Carter and Hayes, 1977). Biomechanically, this pathological
accumulation indicates an inability to safely dissipate functional mechanical energy, predisposing
the local tissue to silent, progressive microdamage, structural fatigue, and maladaptive
mechanobiological remodelling (Huiskes et al, 2000). Because this continuous cycle of
microstructural degradation establishes a direct, often unobserved pathway to eventual macroscopic
joint failure, the radiographic identification of a bifid morphology must be viewed from a clinical
management perspective as a high-risk precursor to fracture. Translating these biomechanical stress-
strain evaluations into clinical practice will provide orthodontic and maxillofacial practitioners with
a definitive, evidence-based framework for the proactive monitoring and mechanical offloading of
this rare condition.

While this study provides a computational framework for understanding the structural failure
of the bifid condyle, several inherent methodological limitations must be acknowledged. A primary
challenge in mandibular finite element modelling is the accurate computational replication of the
cortical shell. The in vivo cortical layer possesses a highly irregular, anisotropic structure with
significant regional variations in thickness. To ensure mathematical convergence during the finite
element processing and to explicitly avoid the generation of negative volumes or highly distorted
mesh elements, necessary geometric simplifications were applied to the anatomical models.
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Although these surface smoothing modifications successfully enhanced overall mesh quality and
computational stability, they represent an idealisation that may marginally homogenise highly
localised stress responses compared to true biological conditions.

Furthermore, while the computational reconstruction of a normative healthy condyle provided
a rigorous, patient-specific comparative baseline, it remains a mathematical approximation.
Obtaining a genuinely identical, perfectly healthy condylar control is inherently difficult due to
natural bilateral asymmetry and the broad physiological variability of mandibular behaviour. The
mandible operates as a complex, dynamic system; therefore, the assumption of perfect symmetry for
the control model cannot account for minor pre-existing developmental differences. Finally, while
the simulations incorporated multi-axial muscular loading to represent the directional complexity of
masticatory forces, the analysis was executed using a quasi-static solver. Although this is a highly
robust and standard approach for comparative stress evaluation, a quasi-static assumption inherently
neglects time-dependent dynamic effects—such as inertia, the strain-rate dependency of cortical
bone, and cyclic fatigue —that occur during actual jaw function.

Despite these necessary simplifications, the sheer magnitude of the mechanical deviations
observed at the bifid notch—exceeding physiological baselines by several orders of magnitude—
provides confidence that the identified structural vulnerability remains valid regardless of minor
computational standardisations.

5. Conclusions

This study highlights that the bifid mandibular condyle transcends a mere anatomical variant,
representing a profound biomechanical vulnerability. By computationally replicating patient-specific
kinematics, our analysis confirms that the anomalous inter-condylar notch functions as a severe
mechanical energy sink. Under physiological loading, the bifid condyle concentrates tensile and
compressive forces to mathematically predicted peaks approaching 500 MPa and 600 MPa,
respectively. Because these localised stresses categorically exceed the ultimate compressive and
tensile thresholds of human cortical bone, the anomaly fundamentally disrupts load dissipation,
directly instigating structural failure.

These findings challenge the prevailing clinical paradigm that asymptomatic bifid condyle
require minimal intervention. The demonstrated accumulation of pathological strain energy indicates
an inherent predisposition to silent micro-damage and eventual macroscopic fracture. Therefore,
clinicians must reclassify the bifid mandible condyle as a high-risk structural compromise,
necessitating proactive orthopaedic monitoring and targeted mechanical offloading to prevent
inevitable mechanobiological degradation.
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