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Abstract

Purpose Three-dimensional finite element analysis (3D-FEA) has emerged as an essential computational tool for evaluating
the biomechanical behaviors of internal fixation systems for mandibular condylar fractures. This scoping review maps and
synthesizes the existing literature on 3D-FEA studies investigating the internal fixation of mandibular condylar fractures
and explores, in a descriptive manner, differences in methodological focus between European and non-European research
centers.

Methods PubMed and Cochrane Library databases were systematically searched following PRISMA-ScR guidelines. Origi-
nal English-language research articles using 3D-FEA to evaluate internal fixation of mandibular condylar fractures were
included. Data were extracted using a standardized charting form.

Results Thirty-six studies met the inclusion criteria. European studies (n=12) predominantly focused on development of
novel plate designs and mechanical testing protocols, whereas Asian and other nationality studies (#=24) emphasized mate-
rial comparisons between titanium and bioabsorbable systems, patient-specific modeling, and loading condition analysis.
Consensus findings include: (1) double-plate fixation provides superior stability; (2) among 3D plate designs, trapezoid
plates demonstrate the best performance for subcondylar and condylar base fractures, whereas alpha and lambda plates may
be preferable for condylar neck fractures; (3) plate positioning along the posterolateral ramus border and anterolateral sig-
moid notch (A+B configuration) offers optimal biomechanical performance; and (4) contralateral molar clenching produces
the highest stress concentrations.

Conclusion Across the included FEA studies, the A+B double-plate configuration was the most consistently reported biome-
chanically favorable approach for both titanium and bioabsorbable systems; the trapezoid plate performed best for subcon-
dylar and condylar base fractures, and two-screw osteosynthesis was effective for condylar head fractures. As these findings
derive from computational models, clinical validation remains necessary. Future research should focus on patient-specific
modeling, clinical outcome validation, and standardization of methodological protocols.

Keywords Finite element analysis - Mandibular condylar fracture - Internal fixation - Scoping review - Biomechanics -
PRISMA-ScR
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condylar base fractures. This classification has been widely
adopted to standardize fracture modeling and facilitate
inter-study comparisons.

Finite element analysis (FEA) is a computational tech-
nique that divides complex geometric structures into smaller
simpler elements connected at nodes, thereby allowing
numerical solution of partial differential equations govern-
ing mechanical behavior [4]. In maxillofacial biomechanics,
FEA enables non-invasive evaluation of stress and strain
distributions that would not be possible to measure directly
in vivo. Advances in imaging technology and computational
power have resulted in the methods becoming increasingly
sophisticated, evolving from simplified two-dimensional
models to highly detailed three-dimensional reconstructions
incorporating patient-specific anatomy and heterogeneous
material properties [5].

Open reduction and internal fixation (ORIF) using
various plate configurations has demonstrated superior
functional outcomes compared with closed treatment for
displaced condylar neck and base fractures [6, 7]. However,
the optimal plate design, positioning, and material selection
remain subjects of ongoing investigation. Over the past two
decades, three-dimensional FEA (3D-FEA) has emerged as
a powerful computational method for evaluating stress dis-
tribution, strain patterns, and displacement characteristics in
fixated fracture models [6, 8].

The clinical significance of FEA in condylar fracture
management lies in its ability to predict the mechanical
performance of different fixation strategies before clinical
implementation. This predictive capability is particularly
valuable given the anatomical constraints of the condylar
region, where surgical access is limited and complications
such as facial nerve injury, malocclusion, and temporoman-
dibular joint dysfunction remain important concerns [9].
By identifying optimal plate configurations and position-
ing strategies through computational analysis, surgeons can
make more informed decisions tailored to individual frac-
ture patterns.

A preliminary search of PubMed and the Cochrane Data-
base revealed no existing scoping reviews or systematic
reviews specifically addressing the use of FEA in mandibu-
lar condylar fracture fixation. While individual studies have
contributed valuable insights, the heterogeneity in meth-
odological approaches, outcome measures, and reporting
standards makes it challenging to synthesize findings and
identify knowledge gaps.

The objective of this scoping review is therefore to
map and synthesize the existing literature on studies using
3D-FEA to investigate the internal fixation of mandibular
condylar fractures. The specific aims include: (1) identi-
fying the types and extent of available evidence; (2) sum-
marizing key research themes, methodological approaches,
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and findings; (3) exploring, in a descriptive and exploratory
manner, potential differences in research focus between
studies conducted at European institutions and those con-
ducted elsewhere; and (4) identifying gaps in the existing
literature to inform future research priorities.

Methods

This scoping review was conducted in accordance with
the Joanna Briggs Institute (JBI) methodology for scoping
reviews [10] and is reported following the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses exten-
sion for Scoping Reviews (PRISMA-ScR) guidelines [11].

Protocol and registration

The review protocol was developed a priori, and because
of the nature of this scoping review, formal registration was
not undertaken.

Eligibility criteria

The eligibility criteria were established using the Popula-
tion, Concept, and Context (PCC) framework:

Population: Computational models of mandibular con-
dylar fractures (head, neck, or base fractures).

Concept: Three-dimensional FEA evaluating internal
fixation (plates, screws, or a combination).

Context: Biomechanical evaluation of fixation stability,
stress distribution, strain patterns, or displacement,

Inclusion Criteria Original research articles published
in English using 3D-FEA methodology to evaluate inter-
nal fixation of mandibular condylar fractures and reporting
biomechanical outcomes (stress, strain, displacement) were
included.

Exclusion Criteria Review articles, editorials, letters,
and conference abstracts; studies using only 2D FEA; stud-
ies focusing solely on temporomandibular joint prostheses
without fracture fixation; studies evaluating mandibular
fractures other than the condylar region; and articles not
available in English were excluded.

Information sources and search strategy

A comprehensive search of PubMed and the Cochrane
Library was conducted from database inception to 31
December 2025; the final search was executed on 3 March
2026. The search strategy was developed in consultation with
a medical librarian, and combined Medical Subject Head-
ing (MeSH) terms with free-text keywords. The PubMed
search strategy was: (“Finite Element Analysis”[MeSH]
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OR “Finite Element Analysis”[tiab] OR “finite element
method”[tiab] OR “finite element model”[tiab] OR “finite
element study”’[tiab] OR “finite element evaluation’[tiab]
OR “finite element”’[tiab] OR FEA[tiab] OR FEM[][tiab])
AND (“Mandibular Condyle”[MeSH] OR “Mandibular
Condyle”[tiab] OR “condylar process”[tiab] OR “con-
dylar neck”[tiab] OR “condylar base”[tiab] OR “con-
dylar head”[tiab] OR “subcondylar’[tiab] OR “condyle
neck”[tiab] OR “condyle fracture”[tiab] OR “condylar
fracture’[tiab]) AND (“Fracture Fixation, Internal”’[MeSH]
OR “Bone Plates”[MeSH] OR “internal fixation[tiab] OR
osteosynthesis[tiab] OR “plate fixation”[tiab] OR “screw
fixation”’[tiab] OR miniplate*[tiab] OR “rigid fixation™[tiab]
OR “plate osteosynthesis”[tiab] OR ORIF[tiab]). Addition-
ally, the reference lists of all included studies and relevant
review articles were hand-searched to identify any other eli-
gible studies.

Fig. 1 PRISMA 2020 flow dia-
gram for scoping reviews show-
ing the study selection process

Study selection

All retrieved citations were imported into EndNote reference
management software and duplicates were removed. Two
reviewers independently screened the titles and abstracts for
potential eligibility. Full-text articles of potentially relevant
studies were retrieved and independently assessed against
the inclusion and exclusion criteria by both reviewers. Any
disagreements were resolved through discussion or consul-
tation with a third reviewer. The study selection process is
presented in a PRISMA flow diagram (Fig. 1).

Data charting

Data were extracted independently by two reviewers using
a standardized charting form. The following information
was extracted: study characteristics (authors, year, country);
FEA methodology (software, mesh characteristics, material
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properties); fracture characteristics; fixation systems evalu-
ated; loading conditions; outcome measures; and key find-
ings. The standardized data-charting form used for data
extraction is provided as Supplementary Material (Supple-
mentary Table S1).

Synthesis of the results

Owing to heterogeneity in the study designs, methodologi-
cal approaches, and outcome measures, a narrative synthesis
approach was employed. Studies were grouped and ana-
lyzed according to geographical region, research focus, and
key findings. For the geographic comparison, studies were
categorized as European or non-European (other regions)
on the basis of the country of the institution at which the
study was performed, as indicated by the authors’ affilia-
tions. This grouping was used solely for descriptive, explor-
atory mapping of differences in research focus and was not
intended as a formal statistical comparison.

Results
Study selection

The database search identified 69 records from PubMed
and no records from the Cochrane Library. The 69 records
were screened by title and abstract, resulting in 22 being
excluded. The PRISMA flow diagram illustrating the study
selection process is presented in Fig. 1. The full texts of
the remaining 47 articles were assessed for eligibility and
11 were excluded (two review articles, two non-English
articles, five non-FEA in vitro studies, one non-FEA clini-
cal study, one study primarily evaluating fixation of non-
condylar fracture). Hand-searching of the reference lists did
not identify any additional studies. Therefore, a total of 36
studies met the inclusion criteria and were included in this
scoping review.

Characteristics of the included studies

The 36 included studies were published between 2002 and
2025. Twelve originated from European institutions (Aus-
tria, Poland, Switzerland, Italy, Germany, and Ukraine) and
24 originated from Asian, South American, Middle Eastern,
or African institutions (Japan, China, Taiwan, Korea, India,
Syria, Brazil, Turkey, and Egypt). The characteristics of all
the included studies are summarized in Table 1.
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Temporal trends in research output

Analysis of the years of publication revealed distinct phases
in FEA research for condylar fracture fixation. The foun-
dational period (2002-2010) was characterized by method-
ological development and validation studies, with Wagner et
al. [8] establishing fundamental modeling approaches. The
expansion phase (2011-2019) witnessed increased research
output with focus on comparative plate designs, as exem-
plified by studies from Syrian [14, 15], Japanese [12, 44],
and Brazilian [24, 26, 27] research groups. The recent accel-
eration phase (2020-2025) has seen the highest publication
rate, with 20 of 36 studies (56%) being published within
this 5-year period. This recent surge reflects growing inter-
est in patient-specific modeling, novel materials-including
magnesium alloys, polylactic acid (PLA), and hydroxyapa-
tite/poly-L-lactic acid (HA-PLLA) composites [19, 22, 38]
and complex fracture scenarios [36, 43]. The geographical
distribution of research has also expanded, with contribu-
tions from emerging centers in Korea [22], Turkey [33],
Egypt [40], and Ukraine [29] joining those from established
research centers.

FEA methodology across the included studies
Model construction

Most included studies utilized high-resolution computed
tomography (CT) data for 3D model construction, with
a notable exception being the study by Parascandolo et
al. [20], who developed their mandibular finite element
method (FEM) from a real surface mock-up using virtual
reality modeling language (VRML) triangulation. Com-
mon software platforms used included Mimics (Materialise,
Belgium), Geomagic (3D Systems, USA), and SolidWorks
(Dassault Systémes, France). Models were analyzed using
ANSYS Workbench (ANSYS Inc., USA), Mechanical
Finder (RCCM, Japan), or Abaqus (Dassault Systémes,
France). The models were discretized using tetrahedral ele-
ments, with the number of elements ranging from approxi-
mately 464,000 to 1,500,000 and nodes from approximately
300,000 to 1,095,000; Aquilina et al. [1] specifically
employed four-node linear tetrahedral (tet4) elements, and
all three studies performed mesh convergence testing to
ensure solution accuracy [1, 6, 12].

Material properties

The standard material properties used across the stud-
ies included cortical bone (elastic modulus [E]=13,700—
14,800 MPa, Poisson’s ratio [v]=0.30), cancellous bone
(E=1370-1850MPa, v=0.30), and titanium (pure titanium
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Table 1 Characteristics of the included studies

Ref  Author, Country Fracture  Plate Types Materials Key Findings
Year Type
[1]  Aquilina,  Australia Condylar  Single, double paral- Titanium Two parallel miniplates superior to single plate;
2013 base lel, double offset parallel configuration superior to offset
[6] Li, 2022 China Condylar  Position A, B, C Ti, u-HA/PLLA A+B configuration optimal for both Ti and
base bioabsorbable
[8] Wagner, Austria Condylar  Various Titanium Foundational FEA methodology; heterogeneous
2002 neck configurations material properties important
[12] Albogha, Japan Condylar 5 designs: lambda,  Titanium Trapezoid best; delta high screw loosening risk;
2018 base strut, delta, rhombic, patient-specific FEA
trapezoid
[13] Gupta, India Condylar  Single, double, trap- Titanium Orthotropic bone properties; 6 load cases analyzed
2023 base ezoid, lambda, strut
[14] Darwich,  Syria Condylar 5 techniques: single, Titanium Trapezoidal plate recommended; optimal stability
2016 base double, trapezoid, with less bone surface
delta, lambda
[15] Hijazi, Syria Condylar  Various Titanium LMOL produces highest stress; loading condition
2016 base analysis
[16] Huang, Taiwan Condylar  Miniplates various  Titanium Two plates superior; longer plates better than
2021 base positions/lengths shorter; posterior placement reduces sliding dis-
tance compared to anterolateral
[17] Kozakie-  Poland Condylar  A-shape plate vs. Titanium A-shape plate provides greater stability than
wicz, 2014 neck 9-hole trapezoid trapezoid plate (64.5 vs 116.3 um displacement);
plate multipoint fixation and reinforced bars along
compression/traction lines; applicable to all levels
of neck fractures
[18] Liokatis, Germany Condylar Lambda plate Titanium Lambda plate adequate for neck fractures with
2022 neck and cranial placement; inadequate for base fractures;
base second plate at sigmoid notch recommended for
base fractures
[19] Schoénegg, Switzerland Condylar Magnesium screws  Magnesium Three magnesium screws recommended; 30—46%
2024 head 2vs3) von Mises stress reduction vs two screws; two-
screw configuration stress exceeded tensile strength
[20] Parascan- Italy Condylar  Two load-sharing Titanium Two-plate fixation along compressive (posterior
dolo, 2010 base plates border) and tensile (sigmoid notch) strain lines
provides superior stability; FEM confirmed biome-
chanical basis for non-parallel plate positioning
[21] Lauer, Germany Condylar  Delta plate Titanium Delta plate mimics two-plate function; suitable for
2007 neck endoscopic approach
[22] Jung, 2020 Korea Condylar  Miniplates Ti, Mg, PLLA, Metal maintains stress at fixation; HA-PLLA less
base HA-PLLA stress transfer
[23] Xin, 2014  China Condylar  Positional screws (2) Titanium Type B condylar head fractures; two-screw
head osteosynthesis transmits stress through screws with
minimal stress on fractured surfaces
[24] delJesus,  Brazil Condylar  Two straight plates,  Titanium Lambda plate showed most homogeneous stress
2014 base lambda plate, trap- distribution for both plate and bone; best single-
ezoidal plate plate option
[25] Aquilina,  Australia Condylar  Four plates: 1.5mm  Titanium 1.5-mm X plate comparable to single 2.0-
2014 base X, rectangular, mm plate; rectangular and square plates not
square; 2.0 mm recommended
straight
[26] Conci, Brazil Condylar  Neck screw vs Titanium Neck screw comparable to single-plate fixation;
2015 base conventional two-plate system superior; neck screw may serve
as reduction tool
[27] Conci, Brazil Condylar  Neck screw (over- Titanium Neck screw provides adequate stability comparable
2018 base laid vs welded plate) to single-plate fixation; welded point connection to
plate offers no additional benefit
[28] Zielinski, Poland Condylar ~ A-shape plate Ti, Bioresorbable Titanium superior to PLLA: 2x lower bone pres-
2019 neck sure and 10x lower displacement; PLLA fixation

too flexible for condylar neck fractures without
additional immobilization
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Table 1 (continued)

Ref  Author, Country Fracture  Plate Types Materials Key Findings
Year Type
[29] Pavlychuk, Ukraine Condylar 2 screws vs. 2 Titanium PSRP reduced cortical bone stress 2—10x and
2020 head screws + patient-spe- increased fixation rigidity 1.25-3x vs. conventional
cific reinforcement two-screw fixation
plate (PSRP)
[30] Liokatis, Germany Condylar  Alpha, kappa, rhom- Titanium Alpha and kappa plates superior under high func-
2021 neck boidal, trapezoidal tional loads (500 N); trapezoidal and rhomboidal
plates plates not recommended for condylar neck frac-
tures; all 4 plates adequate under low postoperative
load (135 N)
[31] Bu,2022  China Condylar  Single bicortical Titanium Two-bicortical-screw fixation was most stable with
head screw, 2 bicortical lowest displacement and stress; titanium plates
screws, screw +plate alleviated lever action but did not significantly
combinations reduce displacement; single-screw configurations
exceeded screw yield limit
[32] Schonegg, Switzerland Condylar 2 vs 3 screws Titanium Two screws sufficient for condylar head
2022 head osteosynthesis
[33] Keskin Turkey Condylar  Trapezoidal plate Ti, PLLA Biomechanical comparison of titanium and PLLA
Yalcin, base trapezoidal plates
2023
[34] Banerjee, India Condylar  Two positional Titanium Influence of screw distance in type B condylar
2023 head SCIrews head fractures
[35] Chen, 2024 Taiwan Condylar  Single vs double Titanium Comparable clinical outcomes; double plate biome-
neck plate chanically superior
[36] Li, 2024 China Condy- Various RIF Titanium Optimal fixation for condylar-base-associated
lar base modalities multiple mandibular fractures
(associ-
ated man-
dibular
fractures)
[37] Liokatis, Germany Condylar  Trapezoidal plate Titanium How to achieve stable fixation at different fracture
2024 base lines with trapezoid plate
[38] Schonegg, Switzerland Condylar Screws (Ti, Mg, Ti, Mg, PLA Ti, Mg, PLA screw comparison; Ti best stability;
2024b head PLA) Mg viable alternative; PLA unsuitable
[39] Kumar, India Condylar 5 plates: miniplate,  Titanium Alpha and lambda plates most stable with low-
2025 neck lambda, trapezoidal, est hardware failure risk; trapezoidal plate least
rhomboidal, alpha stable and most prone to failure for condylar neck
fractures
[40] Shouman, Egypt Condylar  Delta plate, double  Titanium Double 2.0 miniplates superior to delta plate (lower
2025 base 2.0 miniplates VM stress, bone stress, interfragmentary motion);
delta plate acceptable when space is limited
[41] Conci, Brazil Condylar New device Titanium FEA supporting a new device for treating subcon-
2025 base dylar fractures
[42] Desai, India Condylar  Posterior border Titanium Posterior border approach with FEA model
2025 base osteosynthesis corroboration
[43] Dhirawani, India Condylar  Rigid vs non-rigid Titanium Non-rigid fixation (single miniplate+arch bar) suf-
2025 base (bifo- ficient for bifocal mandibular fractures involving
cal, with subcondylar and contralateral dentate fractures
contra-
lateral
fracture)
[44] Murakami, Japan Condylar  Various plates (1 Ti, PLLA CT-based patient-specific FEA with heterogeneous
2017 base Ti, 2 Ti, 2 PLLA, bone properties; 5-hole strut plate optimal among

condylar plates) condylar plates; 1 Ti plate and 2 PLLA plates

exceeded compressive strength
Abbreviations: Ti=Titanium; u-HA/PLLA =unsintered hydroxyapatite/poly-L-lactic acid; Mg=Magnesium; PLLA =poly-L-lactic acid; HA-
PLLA =hydroxyapatite/poly-L-lactic acid; LMOL =contralateral molar clench; MEF=Mechanical Excellence Factor; ORIF=open reduction
internal fixation; CT=computed tomography; FEA=finite element analysis Fracture types follow the Loukota et al. classification (condylar
head, condylar neck, condylar base); fractures previously described as subcondylar correspond to the condylar base level
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and titanium alloy; E=105,000-114,000MPa, v=0.19-
0.34) [5, 6, 44]. Murakami et al. [44] employed dis-
tinct material parameters for pure titanium grade 4 plates
(E=105,900MPa, v=0.19) and Ti-6Al-7Nb alloy screws
(E=108,900MPa, v=0.28), an approach subsequently
adopted by Li et al. [6]. Most studies assumed homogeneous,
isotropic, and linearly elastic material behavior, although
earlier work by Hart et al. [4] demonstrated transversely iso-
tropic properties for mandibular cortical bone, and Wagner
et al. [8] employed patient-specific heterogeneous proper-
ties derived from CT Hounsfield unit values. A systematic
review by Merema et al. [45] confirmed this lack of con-
sensus, reporting Young’s modulus values for cortical bone
ranging from 13.7 to 17 GPa across validated FEA mod-
els. Notable exceptions include Murakami et al. [44], who
computed element-specific mechanical properties from CT
Hounsfield unit values using the equations of Keyak et al.
[46].; Albogha et al. [12] who incorporated patient-specific
heterogeneous bone properties derived from CT Hounsfield
Unit values; Gupta et al. [13] who utilized region-specific
orthotropic material properties; Xin et al. [23] who assigned
ten discrete material properties derived from CT gray values
using default empirical formulas in Mimics; and Parascan-
dolo et al. [20] who modeled anisotropic mandibular bone
with regionally variable stiffness increasing from the poste-
rior to the anterior mandibular body.

Boundary conditions

The boundary condition setup varied across studies, depend-
ing on how condylar loading was simulated. Most studies
fixed all degrees of freedom at the condylar surface to simu-
late articulation with the glenoid fossa and applied mastica-
tory forces at the occlusal surfaces [6, 14]. Aquilina et al. [1]
employed a jaw-hinge mechanism that allowed rotational
degrees of freedom along the condylar axis, with constraints
being applied at the third molars to simulate unilateral biting.
In contrast, Albogha et al. [12] applied a 150-N load directly
to the condylar head with constraints at the molar region,
representing a different modeling approach for condylar
reaction forces. The contact interface between plate and
bone was typically modeled as bonded (fully constrained)
or frictional, with friction coefficients ranging from 0.3 to
0.5 for titanium—bone interfaces. Additionally, the contact
between fractured bone surfaces was modeled as frictional
rather than bonded in some studies; for example, Li et al.
[6] assigned a friction coefficient of 0.46 to the interface
between bone fragments, reflecting the rough surface inter-
action at the fracture site.

Loading conditions

Loading configurations simulated various masticatory
tasks described in the work of Korioth and Hannam [47],
including incisal clench, intercuspal position, ipsilateral
molar clench, contralateral molar clench, and group func-
tion movements [6, 15]. Hijazi et al. [15] systematically
analyzed different loading conditions and demonstrated that
contralateral molar clench produces the highest stress con-
centrations in the fractured condylar region.

Condylar head fracture studies

Recent years have seen increased attention being paid to
condylar head fractures, which were previously under-
represented in the literature. Xin et al. [23] were the first
to apply FEA to evaluate type B condylar head fractures
secured using two positional screws. They demonstrated
that stress was effectively transmitted through the screws
to the medial fragments while stresses on the fractured sag-
ittal surfaces remained minimal. This work was extended
by Banerjee et al. [34], who investigated the influence of
screw distance in two-screw osteosynthesis constructs. Bu
et al. [31] compared four fixation configurations for con-
dylar head fractures-single bicortical screw, two bicortical
screws, one bicortical screw with one monocortical posi-
tional screw via a titanium plate, and two bicortical screws
via a titanium plate-and demonstrated that fixation with two
bicortical screws produced the smallest displacement and
lowest stress on both implant materials and surrounding
bone, whereas titanium plates further alleviated lever action
but did not significantly reduce displacement. Schonegg
et al. [32] compared two versus three screws for condylar
head osteosynthesis, and found that two screws provided
sufficient stability. Pavlychuk et al. [29] evaluated the bio-
mechanical benefit of reinforcing conventional two-screw
fixation of type p condylar head fractures with a patient-
specific reinforcement plate, demonstrating that it provided
a 2—10-fold reduction in cortical bone stress and 1.25-3-
fold increase in fixation rigidity. Most recently, Schonegg
et al. [19, 38] expanded the field by evaluating alternative
screw materials including magnesium and PLA for condylar
head fixation.

Comparison between European studies and those
from other regions

Table 2 summarizes the key differences between European
studies and those from other regions. European studies
(n=12) predominantly focused on development of novel
plate designs and mechanical testing protocols. Swiss
researchers contributed extensively to condylar head fracture
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Table 2 Comparison of the characteristics of European research with that from other regions

Aspect European Studies (n=12)

Other Nationality Studies (n=24)

Countries/Regions
zerland (3), Ukraine (1)

Primary Research Focus

* Mechanical testing protocols

* Emerging materials (Mg screws)

* Novel device development

Plate Design Contributions * Delta plate (Germany) [21]

* A-shape plate (Poland) [17, 28]

» Lambda plate (Germany) [18]

* Trapezoidal plate analysis (Germany) [37]

Materials Evaluated Primarily titanium (n=10)

Magnesium screws (n=2) [19, 38]

Ti vs bioresorbable (n=1) [28]
Fracture Types Studied Condylar neck (n=4)
Condylar head (n=4)
Condylar neck/base (n=1)
Subcondylar (n=1)
Condylar process (n=1)
Condylar base (n=1)

* Novel 3D plate design and development
* Condylar head fracture osteosynthesis

Austria (1), Germany (4), Italy (1), Poland (2), Swit- Asia: Japan (2), China (4), Taiwan (2), Korea (1),

India (5), Syria (2)

South America: Brazil (4)

Oceania: Australia (2)

Middle East/Africa: Turkey (1), Egypt (1)

* Patient-specific FEA modeling

* Systematic plate geometry comparisons

» Material comparisons (Ti vs bioabsorbable)
* Loading condition analysis

* Trapezoid plate validation (Syria, Japan) [12, 14]
* Position A+B configuration (China) [6]

* Neck screw technique (Brazil) [26]

» New subcondylar device (Brazil) [41]

* Posterior border approach (India) [42]

Titanium (n=22)

Ti vs u-HA/PLLA (n=1) [6]

Tivs PLLA (n=1) [33]

Ti vs Mg alloy vs PLLA vs HA-PLLA (n=1) [22]
Subcondylar (n=10)

Condylar neck (n=4)

Condylar head (n=3)

Condylar fracture (n=2)

Condylar base (n=2)

Complex/multiple (n=5)

Ti=titanium; u-HA/PLLA =unsintered hydroxyapatite/poly-L-lactic acid; 3D=three dimensional; FEA =finite element analysis

research, with multiple studies on screw osteosynthesis [19,
32]. German researchers developed the delta-shaped 3D
plate for endoscopic-assisted osteosynthesis [21], evalu-
ated the lambda plate for different condylar fracture patterns
[18], and investigated the trapezoidal plate’s fixation rigid-
ity at different fracture lines in the condylar base [37]. Asian
studies and those from other regions (n=24), including the
Middle East, South America, and Africa, prioritized patient-
specific modeling [12, 44], systematic comparison of plate
geometries [12, 14], clinical applicability with particular
attention to bioabsorbable materials [6, 22, 33, 34, 44], and
novel device development [32].

Key findings and consensus

Despite methodological heterogeneity, several consensus
findings have emerged. Across all studies, double-plate
fixation consistently demonstrated superior biomechanical
stability compared with single-plate configurations [1, 6,
16, 20, 35, 44]. Chen et al. [35] demonstrated comparable
clinical outcomes between single long-plate and double
short-plate fixations, with biomechanical simulations show-
ing superior stability for the double-plate configuration.
Three-dimensional plates (delta, trapezoidal) were shown
to provide stability comparable to double miniplates [14,
21]. Among 3D plate designs, the trapezoid miniplate dem-
onstrated the best overall performance for subcondylar and
condylar base fractures, achieving the greatest rigidity with
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the lowest bone strains, as independently reported by Syr-
ian [14] and Japanese [12] research groups. Liokatis et al.
[37] further demonstrated that for condylar base fractures,
the rigidity of the trapezoidal plate’s fixation depends on
the fracture line position and plate placement, with more
cranial positioning providing better stabilization for lower
base fractures. However, this favorable performance may
not extend to condylar neck fractures; Kumar et al. [39]
demonstrated that among five plate designs evaluated for
condylar neck fracture fixation, the trapezoidal plate was
the least stable and most prone to hardware failure, with
alpha and lambda plates showing superior performance.
Liokatis et al. [18] further demonstrated that the lambda
plate provides adequate fixation rigidity for condylar neck
fractures, particularly when placed as cranially as possible.
However, the lambda plate did not achieve sufficient sta-
bility for condylar base fractures, for which they recom-
mended supplementation with a second plate at the sigmoid
notch. Notably, these findings partially contrast with those
of de Jesus et al. [24], who reported that among three fixa-
tion methods evaluated, the lambda plate showed the most
homogeneous stress distribution for condylar base fractures.
This discrepancy between the two studies may reflect dif-
ferences in fracture modeling, plate positioning, and evalu-
ation criteria. Additionally, Murakami et al. [44] compared
box, strut, and lambda condylar plates and found that the
five-hole strut plate produced the smallest tensile and com-
pressive stresses, likely because its cross bars effectively
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reduced stress concentration; this computational finding
was clinically validated in the same patient with successful
bone healing at 6-month follow-up.

Three key implanting positions have been identified on
the mandibular condylar region: Position A along the pos-
terolateral border of the ramus; Position B along the antero-
lateral border following the sigmoid notch curvature; and
Position C at the lateral border in the middle area. Of these,
the A+B configuration was shown to provide optimal bio-
mechanical performance for both titanium and bioabsorb-
able materials [6]. The contralateral molar clenching loading
condition was identified as producing the highest stress in
condylar osteosynthesis components [6, 13, 15], and Huang
et al. [16] evaluated subcondylar fracture fixation under this
condition, demonstrating that posterior miniplate placement
provides greater stability with less sliding distance in com-
parison with anterolateral placement.

Regarding plate placement for bioabsorbable fixation, Li
et al. [6] demonstrated that the A+B configuration, which
has been identified as optimal for titanium, also provides
sufficient stability for condylar base fracture treatment with
u-HA/PLLA plates. However, Murakami et al. [44] did not
recommend PLLA plates for subcondylar fractures, even
with double-plate fixation, because compressive stresses
exceeded the compressive strength of PLLA. This finding
highlights the fact that the suitability of bioabsorbable mate-
rials depends on both the specific polymer composition and
the fracture configuration. In vitro biomechanical testing by
Sukegawa et al. [2] further supports these findings through
its demonstration that although u-HA/PLLA plates possess
only approximately 45% of the tensile and shear strength
of titanium plates, their resistance is adequate in double-
plate fixation configurations. Jung et al. [22] compared four
fixation materials (titanium, magnesium alloy, PLLA, and
HA-PLLA) for subcondylar fracture and demonstrated that
HA-PLLA showed less stress transfer to biologic compo-
nents than did PLLA, while maintaining deformation within
clinically acceptable limits, suggesting its potential as a bio-
degradable alternative to metal fixation. For condylar head
fractures, two-screw osteosynthesis has been established
as the standard approach [23, 32, 34], with the influence of
screw positioning and distance having been systematically
evaluated [34]. Emerging materials such as magnesium
alloys have shown favorable biomechanical behavior with
fragment deformation and fracture displacement proper-
ties similar to those of titanium, although stress values may
exceed their tensile strength under extreme loading condi-
tions. Therefore, magnesium screws may represent a viable
alternative to titanium in selected cases [19, 38], whereas
PLA screws are unsuitable for condylar head osteosynthe-
sis because of insufficiencies in their mechanical properties
[38].

Recent studies have also addressed complex clinical sce-
narios including bifocal mandibular fractures [43], condy-
lar-base-associated multiple mandibular fractures [36], and
posterior border osteosynthesis approaches [42].

Discussion

This scoping review mapped 36 studies investigating FEA-
based internal fixation of mandibular condylar fractures,
revealing a field that has undergone rapid maturation, with
56% of all studies being published since 2020. The distinct
research trajectories observed between European and other
regions likely reflect differences in academic—industrial
partnerships and clinical priorities: European centers, bene-
fiting from close collaboration with implant manufacturers,
have focused on iterative refinement of novel plate designs,
whereas research groups from Asia, South America, and
other regions, often operating in settings where cost-effec-
tiveness and material alternatives are of greater concern,
have emphasized systematic comparisons across existing
platforms and bioabsorbable materials. Rather than rep-
resenting a limitation, this complementarity has strength-
ened the collective evidence base by generating converging
conclusions from fundamentally different methodological
perspectives.

The methodological approaches identified in this review
align with broader trends in applying FEA in maxillofacial
research [5]. Similar heterogeneity in modeling assump-
tions and boundary conditions has been observed in FEA
studies of mandibular angle fractures [48] and orthognathic
surgery [49], and FEA has also been applied to analyze but-
tress biomechanics in the midface [50]. The predominant
use of homogeneous isotropic material properties in con-
dylar fracture studies mirrors the practices in other maxil-
lofacial applications, despite evidence that bone exhibits
anisotropic and heterogeneous properties [45]. In this
respect, Merema et al. reported that mandibular cortical
bone properties vary according to anatomical location and
exhibit direction-dependent mechanical behavior, although
their review revealed no consensus on how to incorporate
these characteristics into FEA models. While heterogeneous
property assignment based on CT gray values represents a
more realistic approach, it requires patient-specific calibra-
tion and standardized protocols that are currently lacking.
This methodological limitation is not unique to condylar
fracture research but reflects broader challenges in compu-
tational biomechanics, where simplifying assumptions are
often necessary to maintain computational feasibility.

Several converging patterns emerged across the mapped
studies. The superiority of the A+B double-plate con-
figuration and the fracture-site dependence of 3D-plate
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performance—favorable for the trapezoid plate at the sub-
condylar and condylar base levels but less so at the condylar
neck, where alpha and lambda plates performed better—were
reported consistently by independent groups [12, 14, 18, 20,
37, 39]. A detailed mechanistic interpretation of these pat-
terns is beyond the scope of a scoping review; we therefore
present them as mapped evidence and refer readers to the
primary biomechanical studies for the underlying strain-
distribution rationale.

The strength of these computational predictions is rein-
forced by converging evidence from independent experi-
mental methods. In vitro biomechanical testing by Tominaga
et al. [51] demonstrated that double adaptation plate fixa-
tion showed approximately five times greater load-bearing
capacity than single plating in synthetic mandible models,
providing complementary experimental evidence to support
the FEA predictions. Furthermore, using a porcine mandible
cadaver model, Haim et al. [52] confirmed that the Delta
plate and the TriLock Delta condyle trauma plate provide
functional stability comparable to dual miniplate osteosyn-
thesis, with the locking plate demonstrating greater primary
stability and decreased likelihood of screw loosening. Koza-
kiewicz et al. [53] systematically evaluated 51 plate designs
for condylar base fractures using in vitro testing and pro-
posed the Mechanical Excellence Factor as a predictive tool
for plate fixation rigidity, with their findings: that double
plates provide the highest rigidity and plates with 7-10
screws and transverse reinforcing bars achieve optimal
performance and therebydirectly complementing the FEA
predictions. This multi-method triangulation across compu-
tational, synthetic model, cadaveric, and clinical investiga-
tions substantially strengthens the evidence base and lends
credibility to the broader FEA-derived conclusions of this
review. Similarly, the in vitro validation of bioabsorbable
materials for condylar fracture fixation [2, 6, 22] expands
treatment options, particularly for pediatric patients or those
requiring postoperative imaging surveillance without metal-
lic artifact interference.

Despite robust biomechanical evidence, clinical deci-
sion-making must account for factors that current FEA
models do not capture, including surgical access limitations,
operative time, cost, and patient-specific variables such as
bone quality and fracture comminution. The fracture-site
dependence of plate performance has direct implications
for surgical planning: while the trapezoid plate may offer
an acceptable single-plate alternative for subcondylar frac-
tures where dual-plate fixation is technically challenging,
such as cases requiring a transoral approach [54], clinical
data from Smolka et al. [55] confirming higher rates of
plate and screw loosening at the condylar neck particularly
with major fragment displacement and contact loss vali-
date the computational predictions of Kumar et al. [39] and
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underscore the importance of fracture-level assessment in
plate selection. This convergence of FEA predictions with
clinical observations represents a compelling example of
how computational and clinical evidence can be integrated
to guide fixation strategy. For condylar head fractures, long-
term clinical follow-up demonstrating stable functional and
anatomical outcomes with small-fragment positional screw
osteosynthesis using two to three screws [56] further sup-
ports the practical value of minimizing hardware in ana-
tomically constrained surgical fields. This biomechanical
equivalence is mirrored in the available clinical literature.
A recent systematic review and meta-analysis by Kuna et
al. [57] found no significant differences in operative time,
maximum mouth opening, complication rates, or functional
outcomes between fixation with two miniplates and fixa-
tion with a three-dimensional plate for mandibular condylar
fractures, and a randomized clinical study by Ahuja et al.
[58] similarly reported no significant difference in clinical
outcomes between delta (three-dimensional) plates and con-
ventional miniplates. Taken together with the present FEA
findings, these data indicate that trapezoidal or three-dimen-
sional single-plate fixation may achieve clinical outcomes
comparable to those of the two-miniplate A+B configura-
tion for condylar base fractures, supporting it as a clinically
relevant alternative when dual-plate fixation is technically
challenging.

Several promising research directions emerge from this
review. A critical limitation of current FEA studies is the
reliance on idealized or single-patient models that fail to
capture the heterogeneity encountered in clinical practice.
Mandibular condylar fractures present with considerable
anatomical and morphological variations, as reflected in
the established classification systems [3], including differ-
ences in fracture line orientation, fragment displacement
patterns, condylar head morphology, and bone density
distribution. Future studies incorporating multiple patient-
derived models representing the diverse spectrum of frac-
ture configurations observed in actual clinical populations
would significantly enhance the clinical applicability of
FEA predictions. Such patient-specific variation-focused
approaches, building upon the heterogeneous bone mod-
eling methodology employed by Murakami et al. [44] and
Albogha et al. [12], could establish more nuanced fixation
recommendations tailored to specific fracture subtypes,
rather than generalized guidelines.

The development of standardized FEA protocols also
represents an immediate priority; consensus guidelines on
mesh density thresholds, material property databases, and
loading condition specifications would enhance reproduc-
ibility and enable quantitative comparisons across stud-
ies. The current lack of standardization, which is evident
in the wide ranges of reported material properties and the
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predominance of homogeneous isotropic assumptions
despite known anisotropic bone behavior [45], limits the
ability to perform meaningful meta-analyses and may
contribute to the discrepancies observed between studies
evaluating the same fixation methods, such as the conflict-
ing reports on lambda plate performance for condylar base
fractures from Liokatis et al. [18] and de Jesus et al. [24].
The emergence of magnesium-based and other biodegrad-
able implants [19, 38] presents an exciting frontier, although
long-term in vivo studies evaluating degradation kinetics
and effects on bone remodeling remain essential before
widespread clinical adoption. Additionally, although condy-
lar head fracture research has shown substantial expansion,
prospective clinical studies correlating FEA predictions
with functional outcomes are critically needed to validate
computational models and establish their role in personal-
ized surgical planning.

Limitations

This scoping review has several limitations. First, the search
was restricted to PubMed and the Cochrane Library and to
English-language publications, so relevant studies in other
databases or languages may have been missed. Second, in
accordance with scoping-review methodology, we did not
perform a formal critical appraisal or risk-of-bias assess-
ment of the included studies; the reliability of individual
findings was therefore not graded. Third, the marked het-
erogeneity in modeling assumptions, material properties,
boundary and loading conditions, and outcome measures
precluded any quantitative synthesis, so the consensus state-
ments reflect qualitative convergence rather than pooled
estimates. Fourth, all included studies were computational;
inherent FEA simplifications—such as idealized geometry,
homogeneous isotropic material assumptions, and reliance
on single-patient models—limit direct extrapolation to clini-
cal practice. Finally, the geographic comparison was explor-
atory and descriptive and is constrained by the small number
and uneven distribution of studies. These limitations should
be considered when interpreting the mapped findings.

Conclusion

This scoping review provides a comprehensive map of FEA
research investigating the internal fixation of mandibular
condylar fractures. Thirty-six studies from European, Asian,
South American, Middle Eastern, and African research cen-
ters were identified, with these revealing distinct but com-
plementary research trajectories. Across the FEA evidence
mapped in this review, double-plate fixation in the A+B con-
figuration was the most consistently favorable approach for

both titanium and bioabsorbable systems, with the trapezoid
plate demonstrating the best performance among single 3D
plate alternatives for subcondylar and condylar base frac-
tures, although its efficacy may be limited for condylar neck
fractures, for which alpha and lambda plates have shown
superior stability. For condylar head fractures, two-screw
osteosynthesis has been shown to be effective, with magne-
sium emerging as a promising alternative material, but PLA
being found to be unsuitable. Future research should pri-
oritize standardized FEA protocols, patient-specific model-
ing, clinical outcome validation, and evaluation of emerging
materials to further advance evidence-based management of
mandibular condylar fractures.
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