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M AXILLOFACIAL FRACTURES
Maxillofacial trauma is considered to be a leading cause of morbidity and mortality worldwide�,�. 
The incidence of maxillofacial fractures varies widely between di�erent countries�,�. In the 
Netherlands, the incidence is ��� (��� to ���) per ���.��� people per year�,�. The incidence 
is higher in individuals aged between ��-�� and > �� years old�,�. The mandible is the most 
common site of a facial fracture (��.�%), followed by zygomatic bone (��.�), orbital region 
(��.�%), maxilla (�.�%), frontal bone (�.�%), and nasal bone (�.�%)�,� (Figure �A).

The incidence of mandibular fractures is four times higher in males compared to females 
until the age of �� years�,����. The ratio reverses from the age of �� to at least �� years old 
most likely due to the onset of osteopenia coupled with higher fall incidence in women����. 
The trauma mechanism in mandibular fractures is mainly caused by assault ��%, motor 
vehicle accident ��%, fall ��%, and motorcycle �%�. The fracture sites of the mandible, in 
order or frequency, are the symphysis (��.�%), body (��,�), angle (��.�), condyle (��.�%), 
subcondylar area (��.�), ramus (��.�), alveolus (�.�), and coronoid process (�.�%)� (Figure �B).

Figure �. Anatomical incidence of (A) facial fractures, and (B) mandibular fractures.

In general, fracture management involves restoring normal anatomy including the occlusion, 
achieving stable �xation, and ensuring the union of fracture fragments��. In the case of the 
mandible, it also involves restoring or establishing the functional movement of the mandible. 
The aim of optimal fracture management is mainly to: (�) achieve the best anatomical 
reduction with re-establishing previous occlusion, (�) create stable �xation that allows 
painless movement of the injured areas, and (�) maintain a su�cient blood supply to the 
fracture fragments and the tissues surrounding the fracture��.
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BIOMECHANICS
Basics of the biomechanics
Before establishing a treatment plan and starting the treatment of the facial fractures, it is 
important to have a basic knowledge of the biomechanics, as it allows one to understand 
what is happening to the bone or osteosynthesis under loading. In general, bone undergoes 
deformation under the application of a load��,��. The amount of deformation in the bone can 
be quanti�ed by the amount of strain. Strain is de�ned by the change in length per unit of 
length, and therefore strain is dimensionless (e.g., �.�� strain is equal to �% deformation). 
Deformation also causes the occurrence of tension in the bone tissue. This is quanti�ed by 
the amount of stress. Stress is force per unit area (e.g., � newton per square meter which is 
equal to � megapascal: � N/m� = � MPa). Stress can be further classi�ed as compressive, 
tensile, or shear based on how the load is applied��,��. Tensile stress occurs when the bone 
becomes longer or stretched, compressive stress develops when the bone becomes shorter 
or compressed, and shear stress occurs if one region of the bone moves parallel relative to 
an adjacent region�� (Figure �A).

The relationship between stress and strain can be best described by a stress-strain curve��,�� 
(Figure �B). Observation of the curves shows two deformation regions, namely elastic and 
plastic regions��,��. In the elastic zone, the bone will return to its initial shape when the load 
is released. However, in the plastic region, the bone has undergone permanent damage 
and will not return to its original shape when the load is released��,��. The elastic or Young�s 
modulus (E), which is the bone�s resistance to deformation in the direction of the applied 
force, is the slope of the elastic region�����. The E-modulus is de�ned by ; where 
s represents the stress, and  represents the strain. In general, the compact bone has a 
higher elastic E-modulus than the cancellous bone��,�����. The ability of bone to withstand 
shear stress in a speci�c plan is measured by the shear modulus (G)��. The shear modulus is 
de�ned by ; where  represents the shear stress, and  the shear strain��. The 
Poisson ratio measures the bone�s ability to resist deformation in a direction perpendicular 
to that of the applied load��,��. In general, the Poisson ratio is de�ned as ; 
where  represents the secondary strain, and  the primary strain��,��.

The strength of the bone is also an essential factor. The yield strength is the stress value at 
the yield point beyond which the load results in tissue damage of the bone, expressed by 
the point that separates the elastic strain from the plastic strain region in the stress-strain 
curve��,��. The ultimate strength is the maximum stress that bone tissue can withstand��,��. 
A load that exceeds the ultimate strength causes the bone to break��,��,��.

Finally, the material properties of an object or a structure de�ne how it will interact or react 
under the application of a load. The elastic constants (E-modulus, shear modulus, and 
Poisson ratio) describe the relationship between the load and the resulting deformation 
in the elastic range��. In the case of fracture management, it is important to comprehend 

�
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how the materials (both the fractured bone and the osteosynthesis material) will behave 
under the application of load and what are their limitations.

Figure �. (A) Di�erent types of strain for three forms of stress (tension, compression, and shear). (B) The stress-
strain curve relationship: The elastic and plastic deformation regions are divided by the yield point, beyond 
which deformation causes damage; the ultimate strength is the stress that bone tissue can maximally sustain.

Osteosynthesis principles and biomechanics of facial fractures
The goal of the use of osteosyntheses in traumatology is to create optimal (�) anatomical 
fracture reduction (restoring the correct anatomical alignment), and (�) fracture stability 
(maintaining the interfragmentary alignment during physiological loading) to improve bone 
healing��. In this process, the surgeon will make sure that the blood supply in the bone 
fragments and surrounding tissue remains su�cient and will try to avoid damage to other 
structures, like nerves��. The osteosynthesis must have certain requirements to achieve 
optimal fracture �xation: (�) it should have su�cient mechanical properties to withstand 
various forces (tensile, compression, side bending, and torsional stresses) during healing, 
(�) it should be malleable enough for adaptation to the bone surface without losing its 
mechanical strength or properties, (�) it should have minimal dimensions, to reduce incision 
size and to facilitate stress-free closure of the incision with minimum fracture exposure, 
and (�) it should have multipurpose applicability for �xating various types of fractures in 
every patient with his/her individual anatomy��,�����.

Biomechanics of facial fractures is best explained by focusing on mandibular fractures. In 
general, the forces applied on the mandible cause varying compression and tensional zones. 
These zones depend on the mastication force�s location. The inferior portion of the mandible 
is de�ned as the compression zone and the superior part the tensional zone�� (Figure �A). 
This knowledge was used by Maxim Champy to de�ne the ideal line of osteosynthesis for 
mandibular fracture management using miniplate osteosynthesis����� (Figure �B).

In mandibular fracture management using osteosynthesis, it is important to understand the 
basics of the osteosynthesis principles. There are two essential principles, namely: load 
sharing (Champy technique) versus load bearing (Figure �). (�) The load sharing principle 
suggests the use of semi-rigid �xation with miniplates, where the tensile forces at the upper 
border are neutralised by placing the plates at the ideal line of osteosynthesis��,��,�� (Figure 
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�A). The accompanying compression forces at the lower border are compensated by the 
interfragmentary stability of the fracture. However, fracture stability becomes an issue when 
the lower border is not intact (in case of a bone defect or multiple fractures), and the load 
sharing principle is no more applicable. Therefore, in those cases �xation using the load 
bearing principle can be used. (�) In the load bearing principle, the osteosynthesis plate 
on its own must provide enough rigidity to avoid fragment displacement during functional 
movement. This is achieved through rigid �xation by placing solid plates at the lower border 
(Figure �B). The implant bears the functional load entirely, as the a�ected bone area is 
assumed not to be able to share any load with the implant. In case of non-intact lower border, 
the rigid �xation will take care of compression force and ensures fracture stability��,��,��.

Figure �. The acting forces on the mandibular fracture based on the location of mastication force. (A) incisal 
force resulting in compression forces inferiorly and tensional forces superiorly. Source: [' AO Foundation, 
AO Surgery Reference, surgeryreference.aofoundation.org
]. Printed with permission. (B) Champy�s ideal line of osteosynthesis. Source: [Champy M, Lodde JP, Jaeger 
JH, Wilk A. OstØosynthŁses mandibulaires selon la technique de Michelet. I. Bases biomØcaniques 
[Mandibular osteosynthesis according to the Michelet technic. I. Biomechanical bases]. Rev Stomatol 
Chir Maxillofac. ���� Apr-May;��(�):���-��]. Permission to reprint not needed.

For mandibular body and angle fractures, the dimension and location of the osteosynthesis 
plate classically di�er between the load sharing and load bearing technique. Champy proposed 
a single miniplate with monocortical screws (diameter �.� mm) to be used in the mandible�s 
tensile zone. Whereas, according to Association for Osteosynthesis/Association for Study 
of Internal Fixation (AO/ASIF) a combination of arch bars and a larger compression plate 
with bicortical screws (e.g., �.� mm). However, an international survey of OMF surgeons, 
in North America and Europe illustrated that Champys� principle is nowadays the preferred 
method��,��,��.

In case of symphysis and parasymphysis fracture management, both Champy and AO/ASIF 
agree on using two �.� mm plates based to withstand the torsional forces acting on the 
mandible between the canines��,��,��.

�
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Figure �. (A) Load sharing: the lower border of the angle region is intact and able to withstand the compression 
forces (arrows). (B) Load bearing osteosynthesis principles. Source: [' AO Foundation, AO Surgery 
Reference, surgeryreference.aofoundation.org]. Printed with permission.

COMPUTER AIDED SURGERY USING �D AND FEA
�D visualisation and processing
Three-dimensional (�D) data visualisation and models are widely used in surgery, particularly 
in the �eld of OMF surgery�����. One of the most common sources for �D fracture visualisation 
is the use of computed tomography (CT) or cone beam CT (CBCT) scans�����. They can be 
stored and viewed within the Digital Imaging and Communications in Medicine (DICOM) 
so�ware for fracture analysis in a �D plane (e.g., measuring fracture dimensions), or exported 
for image processing in external �D so�ware�s (e.g., Mimics, or �-Matic)��,�����,�����. For 
example, CT images in DICOM can be used to assess fracture fragmentation, dislocations, 
and fracture dimensions (e.g., depth, or area), helping to guide the decision-making process 
of the desired treatment plan between a conservative approach versus surgical treatment 
(e.g., in case of frontal sinus fracture)�����,��,��.

Finite element analysis
Finite element analysis (FEA) originated from the need to unravel issues regarding elasticity 
and structural design in the �eld of engineering (e.g., civil, and aeronautical)��. Strang and Fix 

published their seminal work on this topic in ����, and since then FEA has been developed 
into a branch of applied mathematics for numeric computational modelling of physical 
systems that have been used in many engineering disciplines��. In the FEA, mathematical 
simulation is applied to foresee the behaviour of geometry or structure in various scenarios 
(e.g., under conditions of tension or compression loading)�����. Nowadays, this in-silico non-
invasive flexible �D tool is used to study the (bio-)mechanical behaviour of geometries or 
structures under the application of load; thereby evaluating the amount of force, stress, 
strain, and displacement distributions��,�����. A typical FEA model comprises a de�ned 
geometry to which external loads, boundary conditions, and meshes are applied��,��,��. 
Boundary conditions are constraints applied to a geometry that are necessary for solving 
boundary value problems, which are systems of di�erential equations de�ned in a domain 
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with speci�ed conditions on its boundary��. Meshing is the discretisation process of FEA in 
which the simulated geometry is divided into �nite number of smaller elements or blocks 
(network of cells and nodes)��,��,��,�����. The size of the elements can signi�cantly a�ect the 
approximation of the input geometry and the quality of the FEA results��,�����. The smaller the 
size, the more accurate the results will be. However, the computation time also increases 
rapidly when element sizes are decreased. Hence, one should aim for as large as possible 
element sizes such that the results are accurate enough for practice.

Computer aided surgery in OMF region
In OMF surgery, following Champy�s theory, many studies started using cadaveric or 
polymeric bone models for testing various scenarios of fracture treatment��,��,��,��. Not 
every issue regarding the best possible osteosynthesis has been resolved, e.g., for complex 
comminuted fractures or extremely atrophic mandibles��,��,��. It is important to note that 
the �xation of routine simple fractures has been extensively studied in the literature, 
leading to well-established �xation methodologies and standardised guidelines (e.g., 
Champy or AO techniques)��,�����. However, in case of complex fractures, many questions 
and uncertainties remain regarding the most e�ective treatment methods and the best 
approach to achieving optimal fracture stability��,��,�����. As these cases are less common 
than non-complex fractures, any subsequent clinical studies are very time-consuming or 
impossible without the required inclusions��,�����,�����. Therefore, to address the questions 
and uncertainties in complex fracture management, it would be bene�cial if FEA could 
replace physical model testing, which is generally more expensive and time-consuming than 
in silico testing��,��,��,��,��,��,��,�����. For reliable use of FEA, there is a need for a validated �D 
computer modelling and FEA simulation method to analyse these fractures, and to search 
for the best osteosynthesis system for each scenario, possibly by introducing new implants 
(e.g., degradable, or patient-speci�c �D printed plates)��,��,��,�����.

Additionally, �D models (e.g., using CBCT or CT images) can be used for fracture analysis, 
such as fracture dimensional measurements (e.g., assessing depth or area) or quantifying 
fracture displacement�����. This approach to �D fracture analysis can assist surgeons in 
determining whether a fracture can be treated conservatively (e.g., frontal sinus or zygomatic 
fractures up to a certain degree of displacement) or surgical reposition is required�����. 
Therefore, it is worthwhile to further investigate the impact of �D image model analysis, 
such as assessing fracture dimensions or the degree of dislocation, on the decision-making 
process in fracture management.

Principle template
In the general terms, the FEA principle contains a standard template that can be applied 
for bone fracture analysis (Figure �). The basic setup starts with the �D modelling of the 
bone (e.g., mandibular fracture) and the �xation method (e.g., osteosynthesis miniplate 
system). The �D bone model is usually obtained by segmentation of the CBCT or CT images 
in a medical imaging so�ware (e.g., Mimics or �-Matic)��,��,��. The �D model then can be 

�
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Figure �. Flow chart of essential steps of �nite element analysis of a �xated bone fracture, in this case of 
the mandible.

exported into any �D so�ware package with FEA capability to perform extensive analysis 
(e.g., Solidworks or Comsol Multiphysics)��,��,��. The �D model of the osteosynthesis can be 
created by computer-aided design (CAD) so�ware. The next step is forming an assembly, 
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containing the bone fracture and the osteosynthesis positioned at a predetermined position 
for fracture management. A�er assembly, the actual FEA setup can start. The essential input 
parameters of FEA are the load (e.g., bite force, or muscle force), the �xation or �xture site 
(e.g., temporomandibular joint), the material properties (e.g., Elastic modulus, Poisson 
ratio), the boundary conditions between the components (e.g., contact, friction, interaction), 
and the proper converged mesh (where the outcomes become independent of the mesh 
size)��,��,��,��. Literature reveals variations and discrepancies regarding the values of these FEA 
input parameters (e.g., bite force, muscle force, or mandibular bone properties). Additionally, 
some FEA parameter values remaining unclear or unknown (e.g., friction)��,��,��,��,��,��,��,��,��.

AIM OF THIS THESIS
This thesis focuses on the integration of �D modelling and application of FEA principle in 
management of facial fractures, with the aim of advancing precision in treatment strategies 
and improving clinical outcomes. The main purpose of this thesis is to develop a validated 
�D modelling and FEA principle for treatment of mandibular fractures using osteosynthesis 
or implants. This is achieved by a systematic approach to develop a valid, precise, and 
reproducible FEA model. The FEA model could potentially be routinely applied for �xation of 
complex mandibular fractures (e.g., in case of atrophic, comminuted, segmental, or defect 
fractures), thereby enhancing surgical planning and outcomes. Furthermore, the validated 
FEA principle is potentially applicable and translatable to other bone fractures within the 
OMF region. The impact of this FEA model principle can be best described as follows:

�.	 In general terms: the FEA model will provide objective quantitative data and characterise 
the biomechanical behaviour of fracture(s) �xated with osteosynthesis under various 
conditions (e.g., under incisal versus molar load). It will o�er detailed insights into the 
distribution of forces, stress, strain, or displacement across the fracture and �xation 
system under di�erent conditions. This information intended to support surgeons in the 
clinical decision-making process by facilitating the selection of the most appropriate 
treatment strategy. Thereby, it can serve as a valuable tool in enhancing the clinical 
management of complex fractures.

�.	 In context of fracture treatment: the FEA model will illustrate the e�ect on fracture 
�xation stability when a surgeon experiments with di�erent types of osteosynthesis 
or �xation con�gurations (e.g., load sharing versus load bearing approach).

�.	 In terms of �xation method: the FEA model enables the comparison of di�erent implants or 
�xation methods (e.g., di�erences in plate geometry and material properties). Furthermore, 
it can contribute to the improvement of current osteosynthesis systems (e.g., standard 
commercially available titanium miniplates) or lead to the development of new type of 
implants (e.g., �D printed patient speci�c implants), thereby advancing personalised 
fracture management.

�
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Additionally, this thesis further explores the application of �D in the assessment of other 
craniomaxillofacial bone fractures by evaluating frontal sinus fractures.

The speci�c aims are:
�.	 To determine the essential known and unknown input parameter values necessary for 

developing an accurate mandibular FEA model, through an evidence-based systematic 
review with meta-analysis of literature on physical in vivo human mandibular tests or 
experiments (Chapter �).

�.	 To assess the relevance and applicability of FEA for �D modelling of the mandible and 
mandibular fracture �xation analysis as a proof of concept; thereby, taking the initial 
steps toward the development of a validated and clinically applicable FEA model (Chapter 
�).

�.	 To create a validated FEA model principle for mandibular fracture treatment, a precise 
FEA methodology will be developed and authenticated through a series of mechanical 
tests conducted on polymeric mandibular replicas in a mechanical test bench (Chapter 
�). The experimental conditions will be precisely matched to the FEA simulations setup 
and boundary conditions.

�.	 To accurately optimise the validated mandibular FEA model by systematically �ne-
tuning both the FEA model and the corresponding mechanical testing validation setup, 
ensuring precisely matched conditions between both the FEA simulations and physical 
experiments using �D printed mandible replicas (Chapter �).

�.	 To apply the validated FEA model to investigate non-routine complex mandibular fractures 
by analysing the fracture �xation of severely atrophic edentulous mandible under a 
range of clinically relevant �xation scenarios, thereby generating critical insight into the 
biomechanical behaviour of these non-standard fractures, which are o�en associated 
with signi�cant clinical challenges and controversy regarding their optimal treatment 
(Chapter �).

�.	 To further explore the applicability of �D in the OMF region, by assessment of patient 
satisfaction in conservatively treated subjects with non-dislocated and dislocated 
anterior wall frontal sinus fractures compared to matched control group (Chapter �).
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ABSTRACT
Human mandibular �nite element analysis (FEA) requires essential parameters for proper 
simulation, namely: the forces, �xtures, material properties, and the boundary conditions. 
The purpose of this systematic review is to determine the evidence-based values of these 
input parameters.

A systematic search strategy was formulated with the search conducted in PUBMED and 
EMBASE (PROSPERO: CRD�����������). Only the values from in vivo physical testing were 
included. Risk of bias was assessed using validated checklists.

A�er screening ����� records, �� records were included; where only the maximum bite 
force (MBF) (n=��), muscle force (n=�), and mandible material properties (n=�) were found 
and assessed. Meta-analysis could be only applied for the MBF studies. MBF in the healthy 
dentulous populations varies, with male and adults (��-�� years) illustrating higher force. 
A fracture results in MBF reduction, with force increase in postoperative follow-ups. Further, 
MBF remains higher in partial versus complete denture wearers.

In conclusion, the systematic review gives a comprehensive overview of MBF, muscle force, 
and mandible material properties that can be applied as guideline for de�ning mandibular 
FEA input parameters. Further, future in vivo studies are required to uncover the unknown 
parameters (e.g., friction) and to better specify the known parameters (e.g., muscle force).
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INTRODUCTION
Finite element analysis (FEA) has been widely applied in oral and maxillofacial (OMF) surgery, 
particularly in a traumatological, reconstructive, or oncological setting���. FEA is an in silico 
non-invasive computational tool with high precision for investigating the force, stress, strain, 
or displacement���,�����. It assists the surgeon in understanding various clinical issues, e.g., 
through three-dimensional (�D) visualisation of the di�erent mandibular fracture �xation 
methods in complex cases or development of new types of implants (e.g., personalised �D 
printed or biodegradable osteosynthesis)���,�,��,��,�����. The FEA simulation of the mandible 
requires the input of several fundamental parameter variables, namely: the applied load 
(bite force, and muscle force), the �xture or �xation con�guration (temporomandibular joint), 
the biomechanical material properties (cortical bone, trabecular bone, and the applied 
implant for fracture �xation), and the boundary conditions (type of interactions between 
the components or parts, e.g., the interaction between the fracture surfaces or fragments, 
and between the osteosynthesis or implant components with the mandible)���,��. These 
parameters are the de�ning traits of the FEA setup and are required before the execution 
of the numerical simulation or creating a state of the art FEA model���,��,��.

However, literature displays variations and discrepancies regarding these parameters (e.g., 
amount of bite force), along with uncertainties about what the exact true values are���,�����. 
The true values refer to those investigated based on physical tests, rather than derived 
from computational simulations or mathematical derivations. Furthermore, there is no 
standard guideline that illustrates a personalised systematic overview of true mandibular 
FEA parameters values (e.g., according to di�erent age or sex). Observation of the literature 
illustrates that the input values for the mandibular FEA studies are largely derived from other 
earlier studies, with some studies even using assumptions or unclear de�nitions���,�����. It 
is essential to have a clear overview of the mandibular FEA parameter values to eliminate 
the assumptions. This will enable more realistic and precise mandibular FEA simulations, 
especially in the clinical setting, by taking interindividual di�erences into the account (e.g., 
bite force in di�erent sex or age categories).

The main purpose of this systematic review and meta-analysis was to determine the values 
of the essential input parameters needed for an evidence-based model of human mandibular 
FEA, based on physical tests. The review aims to present both values of mandibles with and 
without fractures from clinical, biomechanical, laboratory, or experimental setting. These 
values can be used for realistic in silico models for treatment of mandibular fractures and 
development of new osteosynthesis concepts. First, the study aimed to assess the essential 
input parameter based on physical experiments. Second, the e�ect of sex and age on these 
essential parameters were evaluated. Third, the e�ect of bite location or region (e.g., molar, 
premolar, or incisal) on maximum bite force and muscle force were assessed. Finally, a 
systematic overview of the known input parameter values was created as a guideline for 
the mandibular FEA simulations.

�
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METHODS
Protocol and registration
This systematic review and meta-analysis were conducted according to the recommendations 
of the Cochrane Handbook for Systematic Review of Interventions��, and is reported according 
to the Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA)��. A 
protocol for this systematic review was speci�ed in advance and registered in PROSPERO 
(CRD�����������).

Eligibility criteria and Information Sources
A systematic literature search was conducted in PUBMED (MEDLINE) and EMBASE and was 
last updated on the �th of November ����. A sensitive search strategy, comprising medical 
subject heading terms and free-text words (Supplementary Table S�), was composed with 
the help of a medical information specialist. The search strategy was developed using the 
CSO method due to the nature of the study. The �C� (condition) was the human mandible or 
lower jaw with or without fracture. The �S� (Setting) was the in vivo studies with physical 
tests, namely: clinical, mechanical, biomechanical, laboratory, or experimental. The �O� 
(outcome) was the FEA parameters values, namely: bite or mastication force, muscle force, 
mandible �xture or �xation (temporomandibular joint), mandible material properties, and 
boundary conditions or interactions (connections, constraints, friction, and tolerance).

Study selection
Eligibility of articles consisted of studies that met the CSO inclusion criteria. The exclusion 
criteria were: �) in silico or computer studies (three-dimensional, �nite element analysis, 
�nite element method, and numerical or computational simulation); �) reviews; �) animal 
studies; �) studies that evaluated only osteosynthesis or implants for the mandibular 
fractures, and �) studies not published in the English language. Furthermore, no other 
restrictions were imposed regarding the study design.

The retrieved articles were de-duplicated following the method of Bramer et al.��. Title 
and abstract screening were independently performed by � reviewers (O.D. and B.G.). Any 
disagreement between the reviewers were resolved through discussion. If the title and 
abstract did not provide su�cient information or in case of any doubt, they were included 
for full text assessment. Subsequently, the full text papers were screened for inclusion. Any 
remaining disagreement was resolved through discussion. If no consensus was found during 
the screening phase, a third reviewer (B.v.M.) was consulted to provide a �nal decision. 
A�er each selection stage, the inter-observer agreement was expressed as Cohen�s kappa 
and percentage of agreement.

Methodological quality assessment
The methodological quality and the risk of bias assessment of the included studies was 
assessed by � reviewers (O.D. and B.G.). Any disagreement between the two reviewers 
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was resolved during consensus meetings. If necessary, the �nal decision was made by 
a third reviewer (B.v.M.). In the study, three di�erent risk of bias (ROB) assessment tools 
were used based on the study type. Cross-sectional studies were evaluated according to 
the National Institutes of Health (NIH)��. The NIH consists of �� items, with the �rst of �� 
items could be answered by �lling: yes, no, cannot determine (CD), not applicable (NA), 
or not mentioned (NM). The last item, the quality rating, could be graded as poor (high 
risk of bias), fair (medium or unclear risk of bias), or good (low or no risk of bias). Cohort 
studies were evaluated according to Methodological Index for Non-Randomized Studies 
(MINORS)��,��. The MINORS includes �� items, with each item scored as follows: � (not 
reported), � (reported but inadequate), and � (reported and adequate). Cadaveric studies 
were evaluated according to QUality Appraisal for Cadaveric Studies (QUACS)��. The QUACS 
contains �� items with each item scored as either � (no/not stated) or � (yes/present).

Data collection and extraction
A predesigned table was used for extracting data from the included studies. Data extraction 
was performed by one reviewer (O.D.) and was cross-checked by two others (B.G. and 
B.v.M.). The following data were extracted from the articles (if applicable or mentioned): 
�) basic study information (�rst author�s name, year of publication, study period, study 
type, and study form); �) inclusion and exclusion criteria; �) group allocation and sample 
type, �) general characteristics (number of samples or subjects, age, sex); �) interventions 
(e.g., surgical fracture treatment, or using dentures); �) type of measurements (e.g., bite 
force, muscle force, or mandible material properties) and their SI units (International 
System of Units); �) outcomes (e.g., maximum bite force, muscle force, or mandible material 
properties); �) follow-up outcomes (e.g., postoperative bite force); �) conflict of interests; 
and ��) funding sources.

In the bite force studies, additional information was extracted from the studies depending 
on the availability of the data, namely: the location or the region of the measured bite force 
(e.g., molar, premolar, or incisal), the type of instrument model used for the measurements, 
whether the bite force measurement instrument was calibrated in advance, the unit used 
to measure the force (e.g., newton, or kilogram), how many times the measurement was 
repeated, whether the participants were well instructed, which values were shown in the 
study (e.g., mean, or maximum), and how the outcomes were speci�ed (e.g., total population, 
sex, or di�erent age category).

Regarding the muscle force studies, the following extra data were extracted from the 
studies, namely: what method or instrument was used for the muscle force measurement 
(e.g., electromyography), whether the instrument was calibrated in advance, the muscle 
name where the force was measured (e.g., masseter), the muscle force unit (e.g., newton, or 
kilogram), number of times the measurement was conducted, at what condition the muscle 
force was measured (e.g., at rest, or biting position), and how the outcomes were speci�ed 
(e.g., total population, sex, or di�erent age category).

�
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For the mandible material properties, additional data were extracted from the studies, 
namely: what type of bone segment was studied (cortical or trabecular bone), how many 
cadavers were used in the study, how the cadavers were prepared, the number of specimens 
used for the testing, the method used for creating the samples, the method and instrument 
type used for the measurements (e.g., mechanical test bench), whether the machine or 
instruments were calibrated in advance, what type of property output was measured (e.g., 
elastic modulus), if applicable the unit of the measured value, and how the outcomes were 
speci�ed (e.g., general, sex, or di�erent age category).

Statistical analysis
SPSS statistics (version ��, IBM, Chicago, IL, USA) was used for the calculation of the 
inter-observer agreements for the abstract and full text screening. Descriptive data were 
reported as means with standard deviations (SD), standard errors (SE) or ranges. Nominal 
data were reported as number with corresponding percentages.

Meta-analysis was conducted in R (version v�.�.�, r-project.org) using a random-e�ects model 
with the DerSimonian-Laird estimator, due to the presence of clinical heterogeneity. The 
e�ect measure of the outcomes was the weighted mean with corresponding ��% con�dence 
interval (��% CI). A summary e�ect estimate was calculated if two or more studies could 
be pooled. Meta-analysis was performed if the primary studies were comparable (i.e., lack 
of substantial clinical heterogeneity). A priori de�ned maximum bite force (MBF) subgroup 
analyses were performed for the healthy dentulous population, partial or complete edentulous 
subjects with partial or complete dentures, and for the mandibular fracture population �xated 
with osteosynthesis. In each analysis, if applicable, MBF was strati�ed based on the bite 
force location (molar, premolar, and/or incisal region). In addition, the e�ects of sex and 
di�erent age categories (<�� years, �� to �� years, and >�� years) on MBF were evaluated. 
Whenever possible, multivariable meta-regression analysis was performed assessing the 
adjusted e�ect of sex and age on outcomes. Finally, in the mandibular fracture treated 
with osteosynthesis subgroup, the postoperative bite force changes were evaluated in 
three follow-up periods, namely: a�er � to � days, a�er � to � weeks, and a�er � weeks to 
� months. Statistical heterogeneity was regarded substantial if I� > ��%. In all analyses, p 
< �.�� (two-tailed) was considered statistically signi�cant.

RESULTS
Study identi�cation and selection
The study identi�cation and selection process are shown in Fig. �. The search resulted in 
����� potentially eligible papers. A�er the de-duplication process, ����� articles were 
screened by title and abstract. The Cohen�s kappa and percentage of the agreement were 
�.�� and ��.��%, respectively. The full text of ��� articles was screened for inclusion in 
the second screening round with �� articles included (Supplementary Table S�: included 
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studies characteristics, and Supplementary Table S�: list of excluded studies with the 
exclusion reason). The percentage of agreement and Cohen�s kappa for full title screening 
were ��.��% and �.��, respectively. There was no consultation needed with the third 
reviewer in any phase of the study identi�cation or selection.

Figure �. Study identi�cation and selection flow chart.

Study characteristics
From the �� included studies, �� studies measured the maximum bite force (MBF)�����, � 
studies the muscle force��,��,��,��,��, and � studies the mandible material properties������. 
Therefore, only the values for the three main essential parameters were found in the literature. 
The meta-analysis could only be conducted for the bite force studies. Meta-analysis was not 
performed for the other outcomes due to the limited data and the incomparable outcomes 
between the studies.

�
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Assessment of methodological quality
The included studies consisted of �� cross-sectional studies�����,��,��, �� cohort studies�����, � 
randomised control trail (RCT) studies��,��, and � human cadaveric mandible studies������. In 
the cross-sectional studies, �� studies investigated the bite force�����,��, � studies measured 
the muscle force��,��,��,��,��, and � studies investigated both bite and muscle force��,��,��,��. 
The cohort studies ����� and the RCT studies ��,�� only measured the bite force. The cadaveric 
studies investigated the mandible material properties ������.

Figure �. The risk of bias assessment checklists.

[continued on next page]
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Figure �. [continued]

* Originally randomized control trail study; however, the systematic review only used the bite force values 
of control group containing healthy dentulous population. In this case, for the systematic review the study 
design becomes a cohort study.
Abbreviations: CD (cannot decide), and NA (not applicable).
Colour coding: no or low risk of bias (green), some concerns (yellow), high risk of bias (red), not applicable (blue).

�
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The NIH checklist (Fig. �a) showed that the bite force measurements were generally done 
systematically, and the measurements were properly described �����,��,��. However, studies, 
where the muscle force was examined ��,��,��,��,��, lacked a proper muscle force measurement, 
reported unclear methodology, or the assumptions that were made in the studies to derive 
the muscle force values were not reported. Furthermore, in � studies it was di�cult to de�ne 
whether the research question was properly de�ned��,��,�� and only � studies illustrated 
a proper prospective study size justi�cation��,��,��,��,��,��,��,��,��. The MINORS checklist (Fig. 
�b) illustrates that most of the included studies did not contain an unbiased assessment 
of the study endpoints��,�����, with � studies reporting the prospective calculation of the 
study size��,��,��,��,��, and � study not performing any statistics��. The QUACS checklist (Fig. 
�c) of human cadaveric mandible studies illustrated a clearly de�ned aim, material property 
measurement methodology, and measurement outcomes������. However, � study did not 
include the basic information of the used cadaveric sample��, and � studies did not mention 
how the cadavers were dissected��,��,��.

Finally, in none of the included studies, a blinding system was used in the sampling, 
measurements, or outcome comparison process. The studies contain no or poor statistical 
method justi�cation. Furthermore, it was also unclear whether the measurements, observations 
or data processing was done by one or more than one researcher. The included studies did 
not declare any conflict of interest. Ten studies declared that their research was funded��

,��,��,��,��,��,��,��,��,��; however, there is no indication that the funding organisations did play 
a role in the design and conduct of the study (including collection, management, analysis, 
and interpretation of data) as well as preparation, review, and approval of the article.

Endpoints

Maximum bite force (MBF)
The overall values of MBF a�er meta-analysis is shown in Table �, with the meta-analyses 
forest plots presented in the Supplementary Fig. S� and the raw data from the included 
articles illustrated in Supplementary Table S�.

Firstly, MBF for the healthy dentulous population was ���.� N [���.�; ���.�] in the molar 
region, ���.� N [���.�; ���] in the premolar region, and ���.� N [���.�; ���.�] in the incisal 
region (Supplementary Fig. S�.� and Table S�.�). MBF was higher in the male versus the 
female population (Supplementary Fig. S�.� and Table S�.�); namely: ���.� N [���.�; ���] 
versus ���.� N [���.�; ���.�] in the molar region with a di�erence of ��.� N (p=�.��), ���.� 
N [���.�; ���.�] versus ���.� N [���.�; ���.�] in the premolar region with di�erence of ��� 
N (p=�.��), and ���.� N [���.�; ���.�] versus ���.� N [���.�; ���.�] in the incisal region 
with di�erence of ��.� N (p=�.��).
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Second, MBF for the healthy dentulous population in the three di�erent age categories (<��, 
��-��, and > �� years old) could be only evaluated in the molar region in the meta-analysis 
(Supplementary Fig. S�.� and Table S�.�). MBF was ���.� N [���.�; ���.�] in the < �� years 
old (until young adult), ���.� N [���.�; ���.�] in the ��-�� (adults), and ���.� N [���.�; 
���.�] in the >�� (elderly) individuals (p=�.��). The meta-regression analysis of bite force 
in di�erent age categories for the male and the female population is shown in Table �.

Table �. Meta-regression analysis of mean maximum bite force in di�erent age categories for the 
male and female population.

Model Results
Estimate [��%CI] p-value

Intercept ���.� [���.�; ���.�] <.��
Age ��-�� (ref: <�� years) ���.� [-��.�; ���.�] �.��
Age >�� (ref: <�� years) �.� [-���.�; ���.�] �.��
Sex (ref: female) ��.� [-��.�; ���.�] �.��

Explanation: The estimate for the intercept correspond to the mean maximum bite force of a female under 
�� years old. E.g., calculating the MBF for the male population between ��-�� years old: ���.�� + ���.�� 
+ ��.�� = ���.�� N.
Abbreviations: CI (con�dence interval at the lower and the upper limit), and p-value (considered signi�cant < .��).

Third, in the case of mandibular fracture treated with osteosynthesis, MBF was evaluated 
in three follow-up periods (� to � days, � to � weeks, and between � weeks to � months 
postoperatively) (Supplementary Fig. S�.� and Table S�.�). MBF in the molar region increased 
(Supplementary Fig. �.�A), respectively: ��.� N [�.�; ���.�], ���.� N [��.�; ���.�], and ���.� 
N [��.�; ���.�] in the follow-up. MBF in the incisal region also increased (Supplementary 
Fig. �.�B), respectively: ��.� N [�.�; ��], ��.� N [��.�; ���.�], and ���.� N [��.�; ���.�]. The 
studies did not report MBF measurement in the premolar region. Further, MBF for the male 
and the female population was not reported. Furthermore, three studies measured MBF 
preoperatively��,��,�� (Supplementary Table S�.�). The mean preoperative molar MBF was 
��.� N (range ��.� to ��.� N), and the mean preoperative incisal MBF was ��.� N (range 
��.� to ���.� N). However, the studies did not report a clear statement regarding how the 
preoperative bite force measurements were conducted. Therefore, they were not included 
in the meta-analysis.

Fourth, MBF in the molar region for the denture wearer population (containing partial and 
complete edentulous subjects) was ���.� N [��.�; ���.�] (Supplementary Fig. �.�a), for 
the partial denture wearer population (containing partially edentulous subjects) was ���.� 
N [���; ���.�] (Supplementary Fig. �.�b and Table S�.�), and for the complete denture 
wearer population (containing complete edentulous subjects) was ���.� N [��.�; ���.�] 
(Supplementary Fig. �.�c and table S�.��). MBF was higher in the male versus the female 
population in the molar region, respectively: in the total denture wearer population it was 
���.� N [��.�; ���.�] versus ���.� N [��.�; ���.�] with a di�erence of ��.� N (p=�.��, 
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Supplementary Fig. �.�a), in the partial denture wearer population it was ���.� N [���.�; ���.�] 
versus ���.� N [���.�; ���.�] with a di�erence of ���.� N (p<�.����, Supplementary Fig. �.�b), 
and in the complete denture wearer population it was ��.� N [�.�; ���.�] versus ��.� N [�.�; 
���.�] in the molar region with a di�erence of ��.� N (p=�.��, Supplementary Fig. �.�c). Finally, 
MBF in the premolar and the incisal region was not measured in the denture wearer studies.

Muscle force
For the muscle force (n=�), only the total masseter, masseter super�cial, masseter profunda, 
temporalis anterior, temporalis posterior, lateral pterygoid, and medical pterygoid muscle 
force were found in the included studies (Table �)��,��,��,��,��. Each study investigates the 
muscle force under di�erent conditions, and the muscle grouping was not fully comparable 
between the studies.

Mandible material properties
In the cadaveric studies (n=�) where the mechanical material properties of the mandible were 
tested (Table �), all studies evaluated the elastic modulus (E-modulus or Young�s modulus) of 
the mandible������. In general, the mandible elastic modulus can range between �.� to ��.� 
GPa (gigapascal unit)�����, for the mandibular cortical bone from �� to ��.� GPa���, and for the 
mandibular trabecular bone from ��.� to ��.� GPa��. Furthermore, one study di�erentiated 
the elastic modulus di�erence at the temporomandibular joint (TMJ) between the male and 
the female mandibular cadavers, namely: ��.� versus ��.� MPa (megapascal unit)��. Finally, 
in each study, other types of mandibular material properties (e.g., Poisson ratio, compressive 
strength, shear modulus) were analysed with each measuring di�erent properties.

DISCUSSION
This systematic review and meta-analysis aimed to identify the real physical test values of 
the essential input parameters required for an accurate mandibular �nite element analysis 
(FEA). The study illustrates that not every essential parameter value for mandibular FEA 
analysis is known (e.g., �xation or boundary de�nition). Only the values of three main 
parameters were discovered, namely: (�) maximum bite force, (�) muscle force, and (�) 
mandible material properties.

Endpoint parameters

Maximum bite force (MBF) and meta-analysis heterogeneity
The systematic review shows that many factors can influence the MBF in an individual (e.g., 
measured bite force location, age, sex, and the presence of a fracture, or (partial)dentures) 
(Table � and Table �). MBF variation and heterogeneity in the forest plots of the healthy 
dentulous population seems to be influenced by two components, namely: the population 
sampling characteristics, and the measurements-method variation.
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Firstly, regarding the population sampling characteristics, the sample size, sex distribution, 
and participants� age were not similar in the included studies. In the case of sample size, 
most studies had a small number of participants resulting in a wide con�dence interval, with 
nineteen studies having a size larger than �����,��,�����,��,�����,��,��,��,��,��,��, and two studies 
containing more than ���� subjects��,��. In terms of sex, there were only �ve studies with an 
equal number of male and female participants in their study population��,��,��,��,��. There were 
four studies that only included male participants��,��,��,��, two studies that only included female 
subjects��,��, and �ve studies that did not mention the sex of the participants��,��,��,��,��. The 
study shows male subjects exhibiting higher MBF compared to female population. Regarding 
age, ten studies di�erentiated MBF in di�erent age categories��,��,��,��,��,��,��,��,��,��. Additionally, 
there were eleven studies that only included children and/or adolescents��,��,��,��,��,��,��,��,��,��,��, 
six studies with a mix of children and adult participants��,��,��,��,��,��, thirty studies that included 
young adults and/or adults��,��,��,��,��,�����,��,��,��,��,��,��,��,��,��,�����,�����,��,��,��,��, nine studies that 
included partly or fully an elderly population��,��,��,��,��,��,��,��,��, and two studies that did not 
mention the age at all��,��. In the study, higher MBF was measured in adults aged ��-�� 
years, followed by those under �� and over ��. Additionally, six studies demonstrated an 
increase in MBF for in adolescents compared to young children��,��,��,��,��,��. Therefore, in future 
MBF studies, it is advisable to have a large sample size, with an equal number of male and 
female participants distributed within a standardised age category system. Regarding the 
type of occlusion, three studies investigated the MBF for di�erent types of occlusions��,��,��, 
with all studies illustrating a higher MBF in normal occlusion subjects versus malocclusion 
groups. Concerning facial morphology, three studies evaluated the facial dimension using 
cephalometric measurements and concluded that facial morphology may correlate with 
the amount of MBF��,��,��. Regarding dental restoration history (e.g., caries or cavities), four 
studies investigated this topic and concluded a higher MBF in non-caries or a�er caries 
treatment��,��,��,��. Concerning the dental stage (primary versus permanent teeth), two studies 
mentioned the e�ect and concluded an increase in MBF during di�erent dentition stages from 
early primary to permanent dentition��,��. Dominant versus non-dominant biting side e�ects 
were examined in one study��, with a signi�cantly higher force generated in the dominant 
side in both male and female subjects. Furthermore, body mass index (BMI) seems to have 
no signi�cant e�ect on MBF��,��,��,��. Finally, other factors such as the e�ect of tooth wear 
(ranging from slight to advanced wear), ethnicity, or the exact location of MBF measurement 
(e.g., �rst or second molar) should be taken into consideration in future studies.

Secondly, the measurement method may vary in the studies. There were only eight 
studies reporting whether their device was calibrated in advance��,��,��,��,��,��,��,��. Further, 
variations in the number of measurements, biting duration, and inter-measurement resting 
time may influence the outcomes. Most studies measured the bite force three times���

��,��,��,��,��,��,��,��,��,��,�����,��,��,��,��,��. There were four studies that measured the bite force 
only twice��,��,��,��, �ve studies measured it more than three times�����,��,��, and seventeen 
studies did not mention it or contain unclear description��,��,��,��,��,��,��,��,��,��,��,��,��,��,��,��,��. 
In general, the biting duration was only a few seconds in all the included studies but the 
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rest time between each repeated measurement varied with a range of � to ��� seconds�����. 
Therefore, it is advisable to consider these aspects in future MBF studies.

Finally, MBF is influenced by the presence of dentures or fractures. In the case of partial 
versus complete edentulous subjects, the study shows a higher force in partial denture 
wearers��,��,�� compared to complete denture wearers��,��,��,��,��. However, it would be 
interesting to further investigate MBF for the partial and complete edentulous subjects 
(e.g., teeth number and names as well as denture type and location). Additionally, the mean 
MBF value obtained from the meta-analysis was unexpectedly higher in partial denture 
wearers (n=�) compared to individuals with healthy dentition (n=��). This discrepancy may 
be attributed to the limited number of studies on partial denture wearers with a relatively 
small sample size and including only adult participants with a mean age of �� years. This 
may have a�ected the robustness of the outcomes and contributed to notably high bite 
force values reported in those speci�c studies. As such, further research is recommended 
to draw more reliable conclusions.

In the case of mandibular fracture, only six studies investigated MBF in patients with non-
comminuted mandibular fracture treated with osteosynthesis��,�����,��,��. All studies illustrated 
MBF increase in the follow-up periods. However, the postoperative bite force increase is 
much less compared to the MBF in the normal healthy non-fractured mandible, showing 
a factor of �.� in the molar region and a factor of � in the incisal region for the mean MBF 
di�erence between the healthy dentulous population versus the � months postoperative 
fractured mandible subjects. Furthermore, it would be advisable to further investigate the 
e�ect of fracture type (e.g., simple versus comminuted) and osteosynthesis system (e.g., 
single versus double �.� mm titanium miniplate) on MBF development.

Muscle force
Only �ve studies were found where the muscle force was examined (Table �)��,��,��,��,��. It 
was not possible to make subgroups or conduct a meta-analysis due to the limited and 
incomparable data. The studies give an impression of muscle forces; however, it would be 
challenging to apply the values in the mandibular FEA simulation. Firstly, the studies only 
show the muscle forces for the total masseter, masseter super�cial, masseter profunda, 
temporalis anterior, temporalis posterior, lateral pterygoid, and medical pterygoid muscles. 
Nevertheless, each study uses di�erent muscle groups and applies di�erent methodologies. 
Therefore, they are not comparable. Secondly, the studies used EMG (electromyography 
for measuring muscle force) but did not clarify the full condition where the bite force was 
measured (e.g., resting or biting; in case of biting at what bite force). Thirdly, two studies 
used only male subjects��,��, one study a mix of male and female subjects��, and two studies 
did not mention the sex in their studies��,��. Therefore, none of the studies could be applied 
to the female subjects. Finally, regarding participants age, only two studies mention the 
mean age��,��, one study only provided the age range��, and two studies not mentioning 
it��,��. Therefore, it is recommendable to have more extensive future studies where the 
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muscle force is physically measured (e.g., using electromyography). Preferably, using a large 
sample size, with a better di�erentiation of force in the male versus the female subjects at 
di�erent age categories or age ranges.

Mandible material properties
There were �ve studies found where the mechanical material properties of the mandible 
were investigated based on the physical testing of human cadaveric mandibles (Table 
�)������. It was not possible to conduct a meta-analysis due to the limited and incomparable 
data. All the studies measured the elastic modulus (E-modulus or Young�s modulus) of 
the mandible. However, the testing in the studies was done under di�erent conditions 
and test setups. From the �ve included studies, three studies measured the mandibular 
E-modulus as a whole (no di�erentiation between the cortical and the trabecular bone) 
with wide interstudy variations�����, one study measured the E-modulus in the mandibular 
cortical bone (��-��.�� GPa)���, and one study measured it for the trabecular bone in the 
temporomandibular joint (��.�-��.�� GPa)��. Further, in one study the E-modulus was 
investigated in the male and the female cadavers, respectively ��.�� versus ��.� MPa, 
illustrating a lower E-modulus compared to the rest of the included studies��. Furthermore, 
the included studies also investigated other material properties (e.g., shear modulus, or 
Poisson ratio), but each study investigated di�erent properties. Therefore, the literature 
gives a good overview of the mandibular E-modulus; however, it is wise to see more future 
investigations on this topic. Preferably, investigating the material properties for di�erent 
bone sections simultaneously (cortical versus trabecular bone), with a larger sample size to 
di�erentiate the properties between the sexes and if possible, for di�erent age categories.

Other parameters
There were no studies found in the literature regarding the �xture or �xation de�nition 
(temporomandibular joint), and the boundary conditions (interactions between the 
components). This can be explained by the fact that these components are di�cult to de�ne 
by means of physical in vivo testing. However, if possible, it would be of great interest to 
have future studies focusing on these topics.

Quality of evidence
The risk of bias assessment of the included studies illustrates that all the studies contain 
two or more domains with a high risk of bias (Fig. �). For the NIH and Minors checklist, 
there were also components that were not applicable due to the nature of the study (e.g., 
no follow-up or control group). In all the studies, it seems that the participants (in the 
bite and muscle force studies) and the assessors (in all the studies) were not blinded to 
the applied measurement method and the outcomes of the study, while this should be 
possible by preventing any visual availability of the data during the measurements. In few 
studies, the methodology was not su�ciently described, or it lacked detailed information 
(e.g., regarding the sample size justi�cation in the force measurement studies, or how 
the cadavers were obtained in the mandible material properties studies). Furthermore, 
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the general application of the statistics was limited or not present in most of the studies. 
However, the nature of the study justi�es the choices made in the literature studies. Finally, 
the included studies did not declare any conflict of interest. Ten studies declared that their 
research was funded or used a grant��,��,��,��,��,��,��,��,��,��; no indication has been found that 
the funding organisations did have a role in the design and conduct of the study.

Strength
This study is, to our knowledge, the �rst of its kind. The systematic review and meta-analysis 
were performed following a prespeci�ed and transparent protocol, and was conducted in 
accordance to the PRIMSA statement�� and the Cochrane Handbook��, following the current 
guidelines of systematic reviews with meta-analysis. The search strategy was composed by 
a medical information specialist, incorporating board search terms to ensure that no relevant 
articles were missed during the search. However, this led to a large volume of retrieved 
articles during tile and abstract screening phase, which resulted in an extended time for 
the reviewers to thoroughly screen all the articles. The literature screening was performed 
by two independent reviewers with a good inter-observer agreement. Furthermore, the data 
eligibility, data extraction, and risk of bias assessment were also done independently by 
two reviewers. In the end, the data- and meta-analysis were conducted in detail and clearly 
de�ned in the study. Finally, this systematic review shows the exact values of the known 
essential parameters needed for the mandibular FEA, illustrates the literature discrepancies, 
and reveals the unknown or unclear parameters.

Comparison to other systematic reviews
There is no previous systematic review comparable to our study. We found one review 
regarding the patient speci�c FEA models of the human mandible where the author discussed 
the lack of consensus on the current set-ups�. Furthermore, another review was found where 
the FEA application in OMF surgery was evaluated�. Both reviews illustrate that there are 
many uncertainties regarding the application of the FEA to OMF surgery. It illustrates that 
there is a need for consensus in the current FEA setups. However, they are only general 
reviews that also included in silico studies and did not contain any meta-analysis. Therefore, 
the current systematic review is an essential study that can be used as tool for future 
mandibular FEA studies.

Limitations
The study only shows the true physical in vivo test values of three essential parameters (bite 
force, muscle force, and mandible material properties), with no values found for the other 
essential parameters (�xture or �xation, and boundary conditions) due to lack of found 
studies in the literature (in accordance with our study protocol) (Table �-�). Only including in 
vivo studies may explain the absence of �xation and boundary condition values, where these 
parameters might be evaluated by other type of studies (e.g., in silico). Further, no subgroup 
or meta-analysis could be conducted for muscle force and material property studies, due 
to incomparable data or lack of su�cient data. The subgroup and meta-analysis could be 
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only done for the bite force studies. For the bite force studies, the inter-study observation 
showed a wider range of MBF with heterogeneity that is probably caused by di�erences in 
the population sampling characteristics and the measurement method variations. All the 
included studies contained a certain risk of bias which may have an influence on the data 
(Supplementary Table S�).

Implication for future research
This study gives a straightforward and transparent overview of the maximum bite force, 
muscle force, and mandible material properties which can be used in the mandibular FEA 
studies. Therefore, the review can be used as guideline for illustrating the mandibular FEA 
input parameters. The study further illustrates that there are still uncertainties regarding 
some of the parameter values for the mandibular FEA. Therefore, it would be of a great interest 
to see more extensive in vivo studies regarding the muscle force and mandible material 
properties to get more diverse values (e.g., according to di�erent age categories and sex). 
Furthermore, if possible, it would be attractive to conduct in vivo studies to measure the 
�xture or �xation and boundary condition values (e.g., measuring friction).

Conclusions
This systematic review presents the exact known mandibular FEA parameters based on real 
physical in vivo experiments, namely: the maximum bite force, muscle force, and mandible 
material properties. The study illustrates that MBF has been extensively measured in 
the literature where the values can certainly be used in the mandibular FEA simulations. 
Regarding the muscle force, the values can be implemented in a general mandibular FEA 
model; however, it was not possible to determine the exact muscle force values for speci�c 
cases (e.g., based on sex, age, or biting condition). Therefore, future analysis is required to 
obtain more diverse and accurate values when it comes to di�erent scenarios (e.g., di�erent 
age categories, or sex), and a clear de�nition of how muscle force is measured (e.g., at 
rest or biting; in case of biting the location of applied force: e.g., molar, incisal, unilateral, 
or bilateral). Concerning the mandible material properties, the mechanical properties of 
the mandibular bone can be incorporated into an FEA model; however, it was not possible 
to de�ne a single exact value for each mandibular bone property (e.g., elastic modulus, 
Poisson�s ratio). Consequently, it is sensible to conduct more studies on this topic based on 
di�erent age categories, sex, and bone segments (e.g., cortical, trabecular). Furthermore, 
the study did not �nd any values for how to properly de�ne the �xture or �xation (e.g., 
temporomandibular joint, or mandibular ligament attachments), and the boundary conditions 
(interaction between the components, friction, or tolerance). Therefore, it is necessary 
to devise a method to measure these currently unknown parameters. In conclusion, this 
systematic review and meta-analysis provide a comprehensive overview of the known and 
unknown in vivo tested input parameter values for the mandibular FEA.
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�	 Supplementary Fig. S�.�. Maximum bite force in healthy dentulous individuals for 
the male and the female population measured in the (a) molar, (b) premolar, and 
(c) incisal regions.

�	 Supplementary Fig. S�.�. Maximum bite force in dentulous individuals at di�erent 
age categories in the molar region, namely: < ��, ��-��, > �� years old.

�	 Supplementary Fig. S�.�. Maximum force measurements in � postoperative follow-
up (�-� days, �-� weeks, and � weeks to � months) for the mandibular fractures 
treated with osteosynthesis in the (a) molar, and (b) incisal regions.

�	 Supplementary Fig. S�.�. Maximum bite force in mandibular denture wearer (partial 
or complete edentulous) subjects measured in the molar region: (a) total population 
(containing partial and complete denture wearer), and (b) partial denture wearer, 
and (c) complete denture wearer.

�	 Supplementary Fig. S�.�. Maximum bite force in mandibular denture wearer (partial 
or complete edentulous) subjects measured in the molar region for the male and 
the female population: (a) total population (containing partial and complete denture 
wearer), and (b) partial denture wearer, and (c) complete denture wearer.


	 Supplementary Table S�. Maximum bite force (MBF) values.
�	 Supplementary Table S�.�. Normal healthy dentulous population.
�	 Supplementary Table S�.�. Normal healthy dentulous population for the male and 

the female population.
�	 Supplementary Table S�.�. Normal healthy dentulous population in di�erent age 

category.
�	 Supplementary Table S�.�. Normal healthy dentulous population in di�erent age 

category for the male and the female population.
�	 Supplementary Table S�.�. Preoperative maximum bite force in non-comminuted 

simple fracted mandible.
�	 Supplementary Table S�.�. Postoperative follow-up maximum bite force development 

in non-comminuted simple fracted mandible �xated with osteosynthesis.
�	 Supplementary Table S�.�. Partial denture wearer.
�	 Supplementary Table S�.�. Partial denture wearer for the male and the female 

population.
�	 Supplementary Table S�.�. Edentulous individuals with complete dentures.
�	 Supplementary Table S�.��. Edentulous individuals with complete dentures for the 

male and the female population.
�	 Note: in all the supplementary tables S�:

�	 Location: the location of recorded biteforce: molar, premolar, or incisal.
�	 Age: the age is shown in Mean – SD or range in brackets; shown in years.
�	 Sample: n is the number of participants.
�	 MBF: maximum bite force is shown in N (newtons); depending on the measurements 

(if applicable) illustrating: the Mean – SD (standard deviation), range, SE (standard 
error).
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Supplementary Table S�. Electronic database with corresponding search detail.

Database Search terms
Initial search 

date Hits
Updated 

search date

Additional 
hits a�er 

update
PubMed (�Mandible�[Mesh] OR 

�Mandibular Fractures�[Mesh] OR 
�Temporomandibular Joint�[Mesh] OR 
�Bite Force�[Mesh] OR mandib*[tiab] 
OR �lower jaw� OR ((condyle[tiab] 
OR subcond*[tiab] OR condilar[tiab] 
OR coronoid*[tiab] OR ramus[tiab] 
OR alveolar[tiab] OR symphys*[tiab] 
OR parasymphys*[tiab]) AND 
(�skull� OR maxillofac* OR crani* 
OR �jaw� OR �facial� OR �oral�)) OR 
�bite force�[tiab] OR �masticatory 
force�[tiab])
AND
(�Stress, Mechanical�[Mesh] 
OR �Biomechanical 
Phenomena�[Mesh:NoExp] 
OR mechanical[tiab] OR 
biomechanic*[tiab] OR bite force*[ti] 
OR mechanic*[ti] OR propert*[tiab] OR 
mechanobehav*[tiab] OR elasti*[tiab] 
OR strength[tiab])
NOT
((�Animals�[Mesh] NOT 
�Humans�[Mesh]) OR �Case Reports� 
[pt] OR �Review� [pt])

�� September
����

���� � November 
����

����

Embase (�mandible�/exp OR �mandible 
fracture�/exp OR �temporomandibular 
joint�/exp OR �mastication�/
exp OR mandib*:ab,ti OR �lower 
jaw�:ab,ti OR ((condyle:ab,ti OR 
subcond*:ab,ti OR condilar:ab,ti OR 
coronoid*:ab,ti OR ramus:ab,ti OR 
alveolar:ab,ti OR symphys*:ab,ti 
OR parasymphys*:ab,ti) AND 
(�skull� OR maxillofac* OR crani* 
OR �jaw� OR �facial� OR �oral�)) OR 
�bite force�:ab,ti OR �masticatory 
force�:ab,ti)
AND
(�mechanical stress�/exp OR 
�biomechanics�/exp OR (mechanical 
OR biomechanic* OR propert* OR 
mechanobehav*):ab,ti OR (�bite force*� 
OR mechanic*):ti)
NOT
((�animal�/exp NOT �human�/exp) OR 
�case report�/de OR �review�/it OR 
�conference abstract�/it)

�� September
����

���� � November 
����

����
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Supplementary Fig. S�. Metanalysis forest plots.

Supplementary Fig. S�.�. Maximum bite force in healthy dentulous individuals measure in the (a) 
molar, (b) premolar, and (c) incisal regions.

a

b

[continued on next page]
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Supplementary Fig. S�.�. [continued]
c

�
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Supplementary Fig. S�.�. Maximum bite force in healthy dentulous individuals for the male and the 
female population measured in the (a) molar, (b) premolar, and (c) incisal regions.

a

[continued on next page]
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Supplementary Fig. S�.�. [continued]
b

c
�
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Supplementary Fig. S�.�. Maximum bite force in dentulous individuals at di�erent age categories in 
the molar region, namely: < ��, ��-��, > �� years old.
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Supplementary Fig. S�.�. Maximum force measurements in � postoperative follow-up (�-� days, �-� 
weeks, and � weeks to � months) for the mandibular fractures treated with osteosynthesis in the (a) 
molar, and (b) incisal regions.

a

b

�
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Supplementary Fig. S�.�. Maximum bite force in mandibular denture wearer (partial or complete 
edentulous) subjects measured in the molar region: (a) total population (containing partial and 
complete denture wearer), and (b) partial denture wearers, and (c) complete denture wearers.

a

b

c
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Supplementary Fig. S�.�. Maximum bite force in mandibular denture wearer (partial or complete 
edentulous) subjects measured in the molar region for the male and the female population: (a) total 
population (containing partial and complete denture wearer), and (b) partial denture wearers, and 
(c) complete denture wearers.

a

b

c

�
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Supplementary Table S�. Maximum bite force (MBF) values.

Supplementary Table S�.�. Maximum bite force in the normal healthy dentulous population.

Location Author (Year)
Age (years) Sample MBF [N]

Mean–SD (Range) n Mean–SD Range SE
Molar Abe et al. (����)�� ��.� � ���.�–���.� ���.�-���.� ���.�

Abu-Alhaija et al. 
(����)��

�.�–�.� (�-�) ���� ���.�–��.� ���.�-���.� �.�

Ahmed et al. (����)�� ��.� (��-��) �� ���.� - -
Ahlberg et al. (����)�� ��-�� ��� ���.��–���.�� - ��.��
Al-Omiri et al. (����)�� ��.�–�.� (��-��) �� ���.� – ��.� ���-��� ��.��
Al-Qassar et al. 
(����)��

�� (��-��) �� ���.�–��.� ���.�-���.� �.�

Al-Zarea et al. (����)�� ��–� (��-��) �� ���.�–��.� ���-��� �.�
Ali Alkhalaf et al. 
(����)��

��–�.� ��� ���.�–���.� ���.�-���.� ��.�

Bakke et al. (����)�� ��–�� (��-��) �� ���–��� ���-��� ��.�
Bakke et al. (����)�� ��.�–��.� (�-��) ��� ���.� – ���.� ���.�-���.� ��.�
Bogdanov (����)�� ��.�–�.� �� ���.�–���.� - ��.�
Braun et al. (����)�� �� (�-��) ��� - ��-��� -
Chong et al. (����)�� - �� ���.�–���.� - ��
De Abreu et al. 
(����)��

- �� ���.�–���.� - ��.�

Gudipaneni et al. 
(����)��

(�-�) - ���.�–��.� - -

Helkimo et al. (����)�� - �� ���.�–���.� - ��.�
Helkimo et al. (����)�� ��.� (��-��) ��� ���–��� ���-��� ��.�
Kampe et al. (����)�� (��-��) �� ���–��� - ��.�
Kashiwazaki et al. 
(����)��

��–� (��-��) ��� ���–�� - -

Khan et al. (����)�� ��.�–�.� (��-��) �� ���.�–���.� ���-��� ��.�
Kiliardis et al. (����)�� (�-��) ��� ���.�–���.� - ��.�
Koc et al. (����)�� (��-��) �� ���.�–���.� - ��.�
Linderholm et al. 
(����)��

(��-��) �� ���.�–���.� - ��.�

Mani et al. (����)�� (��-��) ��� ���–��� ���-��� ��.�
Miura et al. (����)�� (��-��) ��� ���.� - -
Mountain et al. 
(����)��

�.�–�.� (�.�-�.�) ��� ���.�–��.� �.�-���.� �.�

Munisekhar et al. 
(����)��

- ��� ���.�–��.� - �

Mutt et al. (����)�� (�-��) ��� ���.�–��.� - �.�
[continued on next page]
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Supplementary Table S�.�. [continued]

Location Author (Year)
Age (years) Sample MBF [N]

Mean–SD (Range) n Mean–SD Range SE
Owais et al. (����)�� (�-��) ���� ���.�–���.� - �
Palinkas et al. 
(����)��

(�-��) ��� ���.�–�� - �.�

Pruim et al. (����)�� - � ���–��� ���-���� ���
Ranjan et al. (����)�� (��-��) ��� ���–��.� ���-��� �.�
Reddy et al. (����)�� ��.�–�.� �� ���.�–��.� - ��
Rentes et al. (����)�� (�-�) - ���.�–�� ���.�-���.� ��
Ringquist (����)�� (��-��) �� ���.�–��.� ���-���.� ��.�
Sasaki et al. (����)�� �� (��-��) �� ���–��.� ���-��� ��.�
Sathyanarayana et al. 
(����)��

(��-��) �� ���.�–��.� - ��.�

Singh et al. (����)�� ��.�–�.� (��-��) �� ���.�–��.� - ��.�
Singh et al. (����)�� �.� (�.�-�.�) �� ���.�–��.� ��.�-���.� ��.�
Takaki et al. (����)�� (��-��) ��� ���.�–���.� - ��.�
Tripathi et al. (����)�� (��-��) �� ���.�–���.� - ��
Van der Bilt et al. 
(����)��

(��-��) �� ���–��� (��.��) - ��.�

Van Eijden (����)�� ��.�–�.� � ��� - -
Wasinwasukul et al. 
(����)��

(�-��) �� ���.�–���.� - ��

Wennström (����)�� (��-��) �� ���.�–��.� (��) - ��
Widmalm et al. 
(����)��

(��-��) � - - -

Zivko-Babic et al. 
(����)��

��.�–�.� (��-��) �� ���.�–��� ��-��� ��

Premolar Abe et al. (����)�� ��.�� � ���.�–��.� ���-���.� ��.�
Linderholm et al. 
(����)��

(��-��) �� ���.�–���.� - ��.�

Pruim et al. (����)�� - � ���–��� ���-��� ��
Sathyanarayana et al. 
(����)��

(��-��) �� ���.�–��.� - �.�

Van Eijden (����)�� ��.�–�.� � ���.� - -
Widmalm et al. 
(����)��

(��-��) � ���.�–���.� ���-��� ��.�

Incisal Ahlberg et al. (����)�� ��-�� ��� ���–��.� - �.�
Ahmed et al. (����)�� ��.� (��-��) �� ���.� - -
De Sonnaville et al. 
(����)��

��.�–�.� (�-��) ��� ���.�–��.� - �.�

Helkimo et al. (����)�� - �� ���.�–��.� - �.�
[continued on next page]
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Supplementary Table S�.�. [continued]

Location Author (Year)
Age (years) Sample MBF [N]

Mean–SD (Range) n Mean–SD Range SE
Helkimo et al. (����)�� ��.� (��-��) ��� ���–�� ��-��� �.�
Kiliardis et al. (����)�� (�-��) ��� ���.�–�� - �.�
Linderholm et al. 
(����)��

(��-��) �� ���.�–��.� - ��.�

Mani et al. (����)�� (��-��) ��� ���–��� ���-��� ��.�
Mountain et al. 
(����)��

�.�–�.� (�.�-�.�) ��� ��.�–��.� �.�-���.� �.�

Mutt et al. (����)�� (�-��) ��� ��.�–�.� - �.�
Nimura et al. (����)�� ��.�–��.� (��-��) ��� ���.�–���.� - �.�
Ranjan et al. (����)�� (��-��) ��� ���–��.� ��-��� �.�
Reddy et al. (����)�� ��.�–�.� �� ���.�–��.� - �.�
Ringquist (����)�� (��-��) �� ���.�–��.� ���-���.� ��.�
Singh et al. (����)�� ��.�–�.� (��-��) �� ���.�–��.� - �.�
Singh et al. (����)�� �.� (�.�-�.�) �� ��.�–��.� �.�-��.� �.�
Ustrell-Barral et al. 
(����)��

��.�–�.� (��-��) ��� ���–��� - ��.�

Wasinwasukul et al. 
(����)��

(�-��) �� ���.�–��.� - �

Zivko-Babic et al. 
(����)��

��.�–�.� (��-��) �� ���.�–���.� ��-��� ��

Abbreviations: MBF (maximum bite force), N (newtons unit), n (number of participants), SD (standard 
deviation), SE (standard error), and - (not given, unknown, or cannot de�ne).
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Supplementary Table S�.�. Maximum bite force in the normal dentulous population for male versus 
female.

Location Author (Year)
Age (years) Sex (n)

MBF [N]
Male Female

Mean–SD (Range) M:F Mean–SD SE Mean–SD SE
Molar Abe et al. 

(����)��
��.� �:� ���.�–���.� ���.� - -

Abu-Alhaija et al. 
(����)��

�.�–�.� ���:��� ���.�–��.� � ���.�–��.� �.�

Ahlberg et al. 
(����)��

(��-��) ��:�� ���–��� ��.� ���–��� ��.��

Al-Omiri et al. 
(����)��

(��-��) ��:�� ���.�–��.� ��.� ���.�–�� �.��

Al-Qassar et al. 
(����)��

�� (��-��) ��:�� ���.�–��.� �.� ���.�–��.� �.��

Al-Zarea et al. 
(����)��

(��-��) ��:�� ���.� – �� �.� ���.� – ��.� �.��

Ali Alkhalaf et al. 
(����)��

��–�.� (��-��) ���:��� ���.�–���.� ��.� ���.�–���.� ��.��

Chong et al. 
(����)��

- ��:�� ���.�–���.� ��.�� ���.�–���.� ��.��

De Abreu et al. 
(����)��

- ��:�� ���–���.�� ��.�� ���.�–���.� ��.��

Gudipaneni et al. 
(����)��

(�-�) - ���.�–��.� - ���.�–��.� -

Helkimo et al. 
(����)��

- ��:�� ���.�–���.� ��.� ���–���.� ��.�

Helkimo et al. 
(����)��

��.� (��-��) ���:� ���–��� ��.� - -

Khan et al. 
(����)��

��.�–�.� (��-��) ��:�� ���.�–���.� ��.� ���–��.� ��

Kiliardis et al. 
(����)��

(�-��) ��:�� ���.�–��� �� ���–���.� ��.�

Koc et al. (����)�� (��-��) ��:�� ���.�–���.� ��.� ���.�–��� ��.�
Linderholm et al. 
(����)��

(��-��) ��:�� ���.�–���.� �� ���–��.� ��.�

Miura et al. 
(����)��

(��-��) ���:��� ��� - ��� -

Mountain et al. 
(����)��

�.�–�.� (�.�-�.�) ���:�� ���.�–��.� ��.� ���.�–��.� �.��

Owais et al. 
(����)��

(�-��) ���:��� ���.�–��� �.�� ���.�–��� �.��

Palinkas et al. 
(����)��

(�-��) ��:�� ���.�–�� �.�� ���.�–��.� �.��

[continued on next page]
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Supplementary Table S�.�. [continued]

Location Author (Year)
Age (years) Sex (n)

MBF [N]
Male Female

Mean–SD (Range) M:F Mean–SD SE Mean–SD SE
Pruim et al. 
(����)��

- �:� ���–��� ��� - -

Ranjan et al. 
(����)��

(��-��) ���:��� ���–��.� �.� ���–��.� �.��

Ringquist 
(����)��

(��-��) �:�� - - ���.�–��.� ��.��

Sathyanarayana 
et al. (����)��

(��-��) - ���.�–��.� - ���–��.� -

Singh et al. 
(����)��

�.� (�.�-�.�) ��:�� ���.�–��.� ��.� ���.�–��.� ��.��

Takaki et al. 
(����)��

(��-��) ��:�� ���–���.� ��.� ���–��� ��.��

Tripathi et al. 
(����)��

(��-��) ��:�� ���.�–���.� ��.� ���.�–���.� ��.��

Van der Bilt et al. 
(����)��

(��-��) ��:�� ���–��� ��.� ���–��� ��.��

Van Eijden 
(����)��

��.�–�.� �:� ��� - - -

Wennström 
(����)��

(��-��) �:�� - - ���.�–�� ��

Zivko-Babic et al. 
(����)��

��.�–�.� (��-��) ��:�� ���.�� ���.� ���.� ���.��

Premolar Abe et al. 
(����)��

��.� �:� ���.�–��.� ��.� - -

Linderholm et al. 
(����)��

(��-��) ��:�� ���.�–���.� ��.� ���.�–��.� ��.��

Pruim et al. 
(����)��

- �:� ���–��� �� - -

Sathyanarayana 
et al. (����)��

(��-��) - ���.�–��.� - ���.�–��.� -

Van Eijden 
(����)��

��.�–�.� �:� ���.� - - -

Incisal Ahlberg et al. 
(����)��

��-�� ��:�� ���–�� ��.� ���–��� ��.�

Helkimo et al. 
(����)��

- ��:�� ���.�–�� ��.� ���–��.� �.�

Helkimo et al. 
(����)��

��.� (��-��) ���:� ���–�� �.� - -

Kiliardis et al. 
(����)��

(�-��) ��:�� ���.�–��.� ��.� ���.�–� �.�

[continued on next page]
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Supplementary Table S�.�. [continued]

Location Author (Year)
Age (years) Sex (n)

MBF [N]
Male Female

Mean–SD (Range) M:F Mean–SD SE Mean–SD SE
Linderholm et al. 
(����)��

(��-��) ��:�� ���.�–���.� ��.� ���.�–��.� ��.�

Mountain et al. 
(����)��

�.�–�.� (�.�-�.�) ���:�� ��.�–��.� �.� ��.�–��.� �

Nimura et al. 
(����)��

��.�–��.� (��-��) ���:��� ���.�–���.� ��.� ���.�–���.� ��

Ranjan et al. 
(����)��

(��-��) ���:��� ���–��.� �.� ��.�–��.� �.�

Ringquist 
(����)��

(��-��) �:�� - - ���.�–��.� ��.�

Ustrell-Barral et 
al. (����)��

��.�–�.� (��-��) ��:�� ���–��� �� ���–��� ��.�

Zivko-Babic et al. 
(����)��

��.�–�.� (��-��) ��:�� ���.�� - ���.�� -

Abbreviations: N (newtons unit), n (number of participants), SD (standard deviation), SE (standard error), 
and - (not given, unknown, or cannot de�ne).
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Supplementary Table S�.�. Maximum bite force in di�erent age category of normal healthy dentulous 
population.

Location
Age
(years)

Author
(Year)

MBF [N]
n Mean–SD SE

Molar <�� Bakke et al. (����)�� �� ���.�–�� ��
Braun et al. (����)�� ��� ��-��� -
Kiliaridis et al. (����)�� �� ���–���.� ��.�
Mutt et al. (����)�� ��� ���.�–��.� �.�
Owais et al. (����)�� ���� ���.�–���.� �
Palinkas et al. (����)�� �� ���.�–��.� �.�
Takaki et al. (����)�� �� ���.�–���.� ��
Wasinwasukul et al. (����)�� �� ���.�–���.� ��

��-�� Bakke et al. (����)�� �� ���.�–��.� ��
Chong et al. (����)�� �� ���.�–���.� ��.�
Kiliaridis et al. (����)�� �� ���.�–���.� ��.�
Palinkas et al. (����)�� �� ���–��.� �.�
Takaki et al. (����)�� �� ���.�–���.� ��.�

>�� Bakke et al. (����)�� � ���.�–���.� ��.�
Chong et al. (����)�� �� ���.�–��� ��.�
Palinkas et al. (����)�� �� ���–�� ��.�

Incisal <�� De Sonnaville et al. (����)�� ��� ���.�–��.� �.�
Mutt et al. (����)�� ��� ��.�–�.� �.�
Kiliaridis et al. (����)�� �� ���–��.� �.�
Wasinwasukul et al. (����)�� �� ���.�–��.� �

��-�� Kiliaridis et al. (����)�� �� ���.�–��.� �.�

Abbreviations: MBF (maximum bite force), N (newtons), n (number of participants), SD (standard deviation), 
SE (standard error), and - (not given, unknown, or cannot de�ne).
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Table Supplementary Table S�.�. Maximum bite force in di�erent age category of normal healthy 
dentulous population for male versus female.

Location
Age
(years)

Author
(Year)

MBF [N]
Male Female

n Mean–SD SE n Mean–SD SE
Molar <�� Kiliaridis et al. (����)�� �� ���.�–���.� �� �� ���.�–���.� ��.�

Owais et al. (����)�� ��� ���.�–��� �.� ��� ���.�–��� �.�
Palinkas et al. (����)�� �� ���–���.� ��.� �� ���.�–��.� ��.�
Takaki et al. (����)�� �� ���.�–���.� ��.� �� ���.�–���.� ��.�

��-�� Chong et al. (����)�� �� ���.�–���.� ��.� �� ���.�–���.� ��.��
Kiliaridis et al. (����)�� �� ���–���.� ��.� �� ���–���.� ��.�
Palinkas et al. (����)�� �� ���.�–��.� �.� �� ���–��.� �
Takaki et al. (����)�� �� ���.�–���.� ��.� �� ���.�–��.� ��.�

>�� Chong et al. (����)�� � ���.�–���.� ���.� �� ���.�–���.� ��.�
Palinkas et al. (����)�� � ���–�� ��.� � ���–�� ��.�

Incisal <�� Kiliaridis et al. (����)�� �� ���.�–��.� ��.� �� ���.�–��.� �.�
��-�� Kiliaridis et al. (����)�� �� ���–��.� ��.� �� ���–��.� ��.�

Abbreviations: N (Newtons), n (number of participants), SD (standard deviation), and SE (standard error).
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Supplementary Table S�.�. Maximum molar bite force in partial denture wearers.

Author (Year)
Age (years) Sample MBF Molar [N]

Mean–SD (Range) n Mean–SD Range SE
Al-Omiri et al. (����)�� ��.�–�.� (��-��) �� ���.�–��.� - ��.�
Al-Zarea et al. (����)�� ��–� (��-��) �� ���.�–��.� ���-��� �.�
Vozza et al. (����)�� - ��� ���.� - -

Abbreviations: MBF (maximum bite force), N (newtons unit), n (number of sample), SD (standard deviation), 
SE (standard error), and - (not given, unknown, or cannot de�ne).

Supplementary Table �.�. Maximum molar bite force in partial denture wearers for male versus female.

Author (Year)
Age (years)

Sample MBF Molar [N]
(n) Male Female

Mean–SD (Range) M:F Mean–SD SE Mean–SD SE
Al-Omiri et al. (����)�� ��.�–�.� (��-��) ��:�� ���.�–��.� ��.� ���.�–��.� �.�
Al-Zarea et al. (����)�� ��–�� (��-��) ��:�� ���.�–��.� �.� ���.�–��.� �.�
Vozza et al. (����)�� - ���:��� ���.� - ���.� -

Abbreviations: MBF (maximum bite force), N (newtons unit), n (number of sample), SD (standard deviation), 
SE (standard error), and - (not given, unknown, or cannot de�ne).

Supplementary Table S�.�. Maximum molar bite force in edentulous individuals with complete dentures.

Author (Year)
Age (years) Sample MBF Molar [N]

Mean–SD (Range) n Mean–SD Range SE
Rismanchian et al. (����)�� ��.�–�.� (��-��) �� ���.�–��.� - �.�
Sener et al. (����)�� (��-��) �� ���.�–���.� - ��.�
Tortopidis et al. (����)�� (��-��) �� ���–�� ��-��� ��.�
Tripathi et al. (����)�� (��-��) �� ��.�–��.� - �.�
Wennström (����)�� (��-��) � ��.�–��.� - ��.�

Abbreviations: MBF (maximum bite force), N (newtons unit), n (number of sample), SD (standard deviation), 
SE (standard error), and - (not given, unknown, or cannot de�ne).

Supplementary Table S�.��. Maximum molar bite force in edentulous individuals with complete 
dentures for male versus female.

Author (Year)
Age (years) Sample

MBF Molar [N]
Male Female

Mean–SD (Range) M:F Mean–SD SE Mean–SD SE
Rismanchian et al. (����)�� ��.�–�.� (��-��) ��:�� ���.�–��.� �.�� ���.�–��.� �.�
Tripathi et al. (����)�� ��-�� ��:�� ��.�–��.� �.�� ��.�–��.� �.�

Abbreviations: MBF (maximum bite force), N (newtons unit), n (number of sample), SD (standard deviation), 
SE (standard error), and - (not given, unknown, or cannot de�ne).
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ABSTRACT
Background
This proof of principle study aims to investigate the applicability of �nite element analysis 
(FEA) in Oral and Maxillofacial (OMF) surgery, by studying the e�ect of mandibular body 
height and osteosynthesis positioning on unilateral mandibular body fractures based on 
Champy�s technique.

Material and methods
Mandibles made of polyurethane foam (Synbonefi), with heights of ��, ��, and �� mm were 
used to create a FEA model with a unilateral straight-line fracture, �xated with a standard 
commercially available �-hole � mm titanium miniplate. Two di�erent FEA programs were 
used for the comparison, namely: Solidworks and Comsol Multiphysics. The FEA outcomes 
were compared with a series of mechanical tests with polymeric models �xed in a customised 
device and loaded onto a mechanical test bench.

Results
First, the study illustrated that the optimal plate position appeared to be the upper border. 
Second, lower mandibular height increases instability and requires a stronger osteosynthesis 
system.

Conclusions
FEA�s and polymeric model testing outcomes of unilateral non-comminuted fractures were 
highly comparable with current opinions of mandibular fracture management. The promising 
outcome of this study makes it worthwhile to do more extensive analysis in order to determine 
whether FEA alone is su�cient for optimisation of fracture management.

Keywords
mandibular body fracture, �nite element analysis (FEA), polymeric model testing, mandibular 
body height, miniplate positioning
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INTRODUCTION
Osteosynthesis plates and screws are routinely used in oral and maxillofacial (OMF) surgery 
[�-�]. In OMF surgery, mandibular fracture management is based on two completely di�erent 
principles: (�) the osteosynthesis plate must provide enough rigidity to avoid fragment 
displacement during functional movement achieved through rigid �xation by placing solid 
plates at the lower border (load-bearing principle), and (�) the Champy technique suggesting 
the use of semi-rigid �xation with miniplates in which the tensile forces are neutralized by 
placing the plates in the so-called ideal line of osteosynthesis, resulting in interfragmentary 
stability between the bone segments (load-sharing principle) [�-�].

The applied (mastication) forces on the mandible cause di�erent tension and compression 
zones [�]. The mandibular body�s upper border is a tension zone, whereas the lower border 
is a compression zone [�-�]. According to current clinical understanding and literature, a 
decrease in mandibular body height in an atrophic mandible results in a narrow range 
between the tension and compression zones [��-��]. In a severely atrophic mandible, 
the tension and compression zones more or less overlap each other and the load-sharing 
principle is not valid anymore [�-�, ��-��].

Following Champy�s theory, many studies started using expensive and time-consuming 
cadaveric or polymeric bone models [��-��]. It could be bene�cial to use three-dimensional 
(�D) modelling and �nite element analysis (FEA) instead of model testing. FEA is a non-
invasive computational method to evaluate the stress distribution and displacement within 
a structure on load application [��-��]. It is a reliable and accurate numerical simulation 
tool for studying force distribution in the OMF area [��-��]. FEA enables the studying of 
mandibular fracture �xation, possibly leading to solutions regarding plate positioning and 
predicting the consequences of mandibular height decrease [��-��]. So far, the use of FEA 
to address clinical issues has been limited. In OMF surgery, not every issue regarding the 
best possible osteosynthesis has been resolved, e.g. complex comminuted fractures or 
extremely atrophic mandibles [��-��]. As these cases are less common than non-complex 
fractures, any subsequent clinical studies are very time-consuming or impossible without 
the required inclusions [��, ��]. Therefore, there is a need for a validated three-dimensional 
(�D) computer modelling and FEA simulation method to analyse these fractures and to plan 
the best osteosynthesis system for each clinical scenario, possibly by introducing new 
implants (e.g. degradable or patient-speci�c �D printed plates) [��].

Hence, the purpose of our study was to compare mandibular model testing with FEA as a 
�rst step towards developing a validated �D computer model for optimising mandibular 
fracture management. As proof of principle, we studied the e�ect of plate positioning and 
the e�ect of reduced mandibular body height in mandibular body fracture management 
based on the FEA simulations. In this initial study, the model was simpli�ed by using 
mandibles with a unilateral straight-line body fracture only. Our �rst hypothesis was that 

�
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the clinical observations of plate positioning and its e�ect on fracture stability, according 
to the load-bearing versus load-sharing principles, are reproducible in the �D computer 
model. The second hypothesis was that the �D computer model will con�rm the theory that 
a reduction in atrophic mandible height leads to a decrease in interfragmentary stability 
making load-bearing �xation necessary. Finally, we hypothesized that FEA is a suitable tool 
to facilitate the visualisation of �xation stability which may subsequently help the surgeon 
in selecting an appropriate osteosynthesis system and in positioning the plate correctly.

MATERIAL AND METHODS
Study design
We used FEA to analyse the e�ect of plate positioning for di�erent mandibular body heights 
with a unilateral mandibular body fracture. The FEA simulations were conducted primarily 
in the computer simulation so�ware Solidworks version SP�.�, ����, �D Modelling and 
Simulation, Waltham, Massachusetts, USA). The eligibility, reproducibility and accuracy of 
the outcomes generated in Solidworks were compared with those from a second simulation 
so�ware Comsol Multiphysics (version �.�, �D Modelling and Simulation, Stockholm, 
Sweden). Further validation was done by comparing the results with a series of polymeric 
models �xated in a customized device on a mechanical test bench (DYNA-MESS Prüfsysteme, 
Stolberg, Germany). All the mandibles were �xated with the same type of osteosynthesis 
system (�.� mm titanium miniplates, KLS Martin Group, Tuttlingen, Germany) and identical 
simulations were conducted for each study.

Assembly modelling
Synbone (Zizers, Switzerland) mandibles with body heights of ��, ��, and �� mm (representing 
the slightly, moderately and severely atrophic mandibles, respectively) were used to create the 
�D computer models of the mandible. Cone beam computed tomography (CBCT) (Planmeca, 
Promax �D Max ProFace, Helsinki, Finland) was conducted on each Synbone mandible and 
digital imaging and communication in medicine (DICOM) �les were generated. The CBCT 
scans were made at the bone setting with a voxel size of ��� µm, tube current of �.� mA, and 
tube voltage of ��� kV. DICOM �les were used for the �D modelling of the mandibles. The �D 
computer modelling dimension measurements were performed using the Mimics so�ware 
(version ��.�, Materialise, Leuven, Belgium). The �D mandible models were then created in 
Solidworks a�er which they were geometrically simpli�ed to eliminate mesh errors and simplify 
the simulation computations (Figure �). In the study, the same type of straight-line unilateral 
mandibular body fracture was applied to each model. The distance between the fracture 
surfaces was set at �.� mm. The fracture type, size, and placement were identical in all the 
�D models. The fracture was placed in the middle of the mandibular body, in between the �rst 
molar and second premolar. A standard commercially available �-hole � mm osteosynthesis 
titanium miniplate (KLS Martin Group, Tuttlingen, Germany) with a length of ��.� mm and � 
x � mm diameter screws with a length of ��.� mm were modelled in Solidworks. The �-hole 
miniplate was used for all the FEA computer simulation analyses (Figure �).



89

Optimisation of mandibular body fracture osteosynthesis positioning using FEA

Figure �. �D computer modelling of the mandible: (A) Synbonefi mandible, (B) DICOM �le from CBCT, and 
(C) a simpli�ed �D model of a mandible.

FEA Solidworks
FEA was primarily performed in the Solidworks so�ware. The analysis started with positioning 
the osteosynthesis miniplate at the mandible�s upper border and subsequently lowering 
it towards the lower border along the fracture line. This was done to determine the e�ect 
of plate positioning at di�erent mandibular body heights (Figure �). Plate positions � to � 
represent the miniplate at the upper border, in the middle, and at the lower border of the 
mandible, respectively.

Figure �. Plate positioning at the (A) �� mm, (B) �� mm, and (C) �� mm mandibular body heights: (�) 
miniplate positioned at the upper border, (�) in the middle, and (�) at the lower border of the mandible.

The average mastication force (��� N) was applied downward on the symphysis of the 
mandible (Figure �A) [��-��]. The mandibles were �xed at the condylar head to replicate the 
temporomandibular joint by applying the �xed geometry option from the Solidworks �xture 
property manager tab (Figure �B). Furthermore, the e�ect of �xation site was evaluated by 
conducting a series of sensitivity tests for di�erent �xation locations (Supplementary Figure S�).

The chosen mandible material properties were similar to those of the Synbonefi polyurethane 
foam mandible to allow for a comparison with polymeric model testing. The mandible material 

�
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properties were set at an elastic modulus of ���� MPa, shear modulus of ���.� MPa, mass 
density of �.�� g/cm�, tensile strength of �� MPa, and a Poisson�s ratio of �.�� [��-��].
The properties of the titanium miniplates and screws were as follows: an elastic modulus 
of ������ MPa, mass density of �.�� g/cm� , tensile strength of ���� MPa, yield strength 
of ���.� MPa, and a Poisson�s ratio of �.�� [�]. Using the Solidworks contact-sets property 
manager tab we de�ned the boundary conditions between the mandibles, miniplates, and 
screws (Figure �C). The connection between the two fracture surfaces was de�ned by using 
the contact-sets with a �xed distance of �.� mm between the fracture surfaces (Figure �D), 
representing optimal fracture reduction. When the fracture surfaces touch, only the forces 
normal to the surfaces would be exchanged and there was no friction force present. The 
mandible screw holes and the screws were set as bounded, meaning that the screws were 
�xed tightly in the mandible, pressing the plate against the mandibular body. The connection 
between the miniplate and the screws, as well as the connection between the miniplate and 
the mandible, were set using the contact option from the contact-sets property manager. 
Only normal forces and no friction were present here, which is in accordance with the 
current opinion on stabilising mandibular fractures using non-locking plates. The boundary 
conditions and parameters were identical in all of the FEA studies.

Figure �. FEA set up in Solidworks: (A) Mastication force of ��� N is applied downward on the symphysis, 
(B) Fixation at the condylar head, (C) Contact boundary condition between the mandible and osteosynthesis 
system, (D) Contact-set boundaries between the fracture surfaces with a fracture distance of �.� mm and 
no penetration, and (E) Impression of the used mesh.
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FEA Comsol
Comsol was used to verify the Solidworks results and to evaluate whether the outcomes 
were reproducible, reliable, and accurate. The �D computer model assemblies of each 
mandible and the osteosynthesis miniplate were imported from Solidworks in STEP �le 
format. The imported assemblies were processed and saved in the Comsol �D environment. 
All the FEA inputs were performed identically as in Solidworks. A force of ��� N was applied 
downwards on the symphysis of the mandible and �xation was set at the condylar head. 
The connections between the miniplate and the screws, as well as between the miniplate 
and the mandible, were set using the contact constraint option. The connection between 
the mandible and the screws was set as �xed using the continuity constraint option. The 
applied mesh was similar to the one in Solidworks.

FEA mesh convergence
The chosen mesh dimensions were checked in the simulation models to determine whether 
they were correct. The mesh size was reduced until the results were independent of the 
mesh size and mesh convergence was reached (Supplementary Figure S�). The converged 
mesh was used for the remaining FEA studies (Figure �E). The mesh applied in Solidworks 
was similar to the mesh in Comsol.

Polymeric model testing
A polymeric mandible is made of polyurethane foam and is an adequate substitute for 
cadaveric human bone for testing purposes [��-��]. It has been shown to be a successful 
simulator for a similar sized and shaped human bone [��, ����]. Polymeric model testing was 
conducted on a mechanical test bench to validate the FEA. Polymeric mandible replicas with 
body heights of ��, ��, and �� mm were obtained from Synbone. A straight-line unilateral 
fracture was applied to each mandibular body and �xated with the osteosynthesis miniplate 
system. Polymeric model testing of �� and �� mm mandibular heights entailed using a 
�-hole miniplate with four screws. A �-hole miniplate with six screws was used for the �� 
mm mandibular height. Only the osteosynthesis miniplates positioned at the upper border 
of the mandible were tested. Each of the three polymeric mandible replicas (the ��, �� and 
�� mm heights) was tested three times. A custom device was built to position the mandibles 
on the mechanical test bench (Figure �). A load representing the mastication force was 
applied to the mandible and gradually increased at a rate of �� N/s (Figure �A). The values 
were set in the computer system of the mechanical test bench. The force on the mandible 
was increased continuously until the failure point where the mandible breaks down was 
reached (Figure �D). Computerised sensors on the mechanical test bench recorded the 
data. All three mandible heights were tested using the same technique.

�
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Figure �. Mandible (with straight-line fracture and miniplate �xation) positioned on the custom-made 
device and loaded in a mechanical test bench; the starting point is (A) until it reaches the breaking point (D).

Data analysis
The FEA Solidworks outcomes were compared with the Comsol outcomes. This was done 
by �rst measuring the amount and the location of the maximum Von-Mises stress (Figure 
�A-B). Then the displacement in the Z-axis was compared (Figure �C-D). Finally, the Von-
Mises stress pattern at a selected stress point was compared between the two FEA studies 
(Figure �). The FEA outcomes were also compared with the polymeric model testing by 
observing the displacement patterns of the miniplates positioned at the upper borders of 
the mandibles with the di�erent fracture heights (Figure �). The displacement in the Z-axis 
of the FEA was used for the comparisons with the displacement in the polymeric model 
testing. Finally, data were evaluated with help of experts in statistics, however due to the 
small sample size statistical analysis did not make sense in this study.

RESULTS
FEA Solidworks
The results of the FEA are presented in Table �, showing the maximum Von-Mises stress 
[MPa] and displacement [mm] outcomes. The maximum Von-Mises stress was located at 
the miniplates curvature between the third and the fourth screw holes, speci�cally at the 
edge of the plate where it was touching the mandibular body at the unilateral fracture site 
(Figure �A-F). The table shows that stress and displacement increased with a decrease in 
mandibular body height. The same applies to when the miniplate was lowered from the 
mandibular upper border towards the lower border along the fracture line. The ratio of the 
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Von-Mises stress and the ratio of the displacement in relation to plate positioning (miniplate 
at the lower border versus the upper border) and mandibular body height (�� mm versus �� 
mm) are presented in Table �. Observing the fracture surfaces shows that when the miniplate 
was positioned at the upper border, the fractures remained closed, intact, and stable. This 
was due to the tension zone at the upper border of the mandible and the compression zone 
at the lower border. However, when the miniplate was lowered, particularly when positioned 
at the lower border, the fracture surfaces tended to open from the upper border in a wedge-
shaped form. In this situation the �xation was unstable (Figure �).

Table �. FEA outcomes in Solidworks and Comsol regarding the maximum Von-Mises stress and 
displacement.

Mandible 
Height
[mm]

Plate 
Position

Solidworks Comsol
Von-Mises stress 

[MPa]
Displacement
Z-axis [mm]

Von-Mises stress 
[MPa]

Displacement
Z-axis [mm]

�� � ��� �.�� ��� �.��
� ��� �.�� ��� �.��
� ���� �.�� ���� �.��

�� � ��� �.�� ��� �.��
� ���� �.�� ���� �.��
� ���� �.�� ���� �.��

�� � ���� �.�� ���� �.��
� ���� �.�� ���� �.��
� ���� ��.�� ���� ��.��

Plate position: (�) upper border, (�) middle, and (�) lower border of the mandible. The Z-axis was in the same 
direction as the applied ��� [N] force.

Table �. Ratio of the Von-Mises stress [MPa] and displacement [mm] (Z-axis) for plate positioning 
and mandibular body height.

Ratio
Solidworks Comsol

Von-Mises stress Displacement Von-Mises stress Displacement
Plate 
Positioning *

�� �.�� �.�� �.�� �.��
�� �.�� �.�� �.�� �.��
�� �.�� �.�� �.�� �.��

Mandibular 
Body
Height **

� �.�� �.�� �.�� �.��
� �.�� �.�� �.�� �.��
� �.�� �.�� �.�� �.��

* Ratio of the miniplate positioned at the lower border compared to the upper border for the ��, ��, and �� 
mm mandibular body heights.
** Ratio between the �� mm versus the �� mm mandibular body heights for the plates positioned at the 
upper (�), in the middle (�) and the lower borders (�).

�



94

Chapter �

Figure �. FEA Von-Mises stress [MPa]: (A-B) �� mm height mandible, (C-D) �� mm height mandible, and 
(E-F) �� mm height mandible; note: plate positioned at the upper border (right) and plate positioned at the 
lower border of the mandible (le�).

FEA Comsol
Comsol was used to check the reproducibility and accuracy of the Solidworks simulations. 
The Von-Mises stress [MPa] and displacement [mm] are shown in Table �. The maximum 
stress location according to Comsol was identical to all the Solidworks FEA outcomes, 
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namely at the edge of the plate where it was touching the mandibular body at the unilateral 
fracture site (Figure �). The Von-Mises stress pattern comparison illustrates that the stress 
pattern remained identical in both FEA simulations at any selected stress point (Figure �). 
This demonstrates that the Solidworks FEA outcomes are reproducible, accurate and correct. 
Furthermore, the Von-Mises stress ratio and the displacement ratio for the plate positioning 
and mandibular body height were similar to those generated in Solidworks (Table �).

Figure �. Comparison of Von-Mises stress between Solidworks (right) and Comsol (le�) at ��� MPa for 
the �� mm mandible height: (A-B) plate positioned at the upper border, (C-D) in the middle, and (E-F) at the 
lower border of the mandible.

Fixation location sensitivity test
Sensitivity test evaluations of the di�erent �xation locations illustrated a change of less 
than ��% for the maximum stress and displacement values. However, no changes were 
observed in the stress or displacement distribution patterns, as they remained identical. 
Furthermore, the FEA outcomes for analysing the e�ect of di�erent mandibular body heights 
and plate positioning remained identical with no changes observed for the di�erent �xation 
locations (Supplementary Figure S�).

�
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Polymeric model testing
The displacement outcomes of the polymeric model testing are displayed in Table �, showing 
that a decrease in mandibular body height resulted in an increased displacement. This 
indicates that the probability of failure increases when the mandibular body height decreases. 
Furthermore, the polymeric testing patterns were similar to the FEA, namely: a decrease in 
mandibular body height increased the �xation instability leading to implant failure.

Table �. Polymeric model testing displacement at ��� N compared to FEA displacement.

Mandibular body 
height [mm]

Test 
number

Displacement [mm]
Polymeric Model Testing Solidworks (FEA) Comsol (FEA)

�� I �.��
II �.��
III �.��

Mean �.�� �.�� �.��
�� I �.��

II �.��
III �.��

Mean �.�� �.�� �.��
�� I �.��

II �.��
III �.��

Mean �.�� �.�� �.��

All the test numbers (Test Number I-III) were done under the same conditions as miniplate located on the 
mandibular upper border.
Italics: the mean polymeric model displacement (average test I-III) compared to the FEA study�s displacement 
values.

Outcomes comparison
The FEA plots show that the Von-Mises stress (Figure �A-B) and displacement (Figure 
�C-D) increased with a decrease in mandibular body height. The same applies when the 
miniplate was lowered from the mandibular upper border towards the lower border along 
the fracture line (Figure �). The maximum Von-Mises stress location at any selected stress 
point was similar in both simulation so�ware (Figure �). Furthermore, Figure � shows the 
��� N displacement comparisons between the FEA and polymeric model testing, where 
displacement increased with a decrease in mandibular body height. Both the FEA simulations 
and polymeric model testing illustrated a similar pattern: a decrease in height resulted in 
an increase in displacement (Figure �). Finally, the FEA outcomes were similar and highly 
comparable with those from the polymeric model testing.
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Figure �. (A-B) FEA Von-Mises stress plots: (A) Solidworks and (B) Comsol; (C-D) FEA displacement plots: 
(C) Solidworks and (D) Comsol.

Figure �. Displacement comparison between polymeric model testing and FEA at ��� N; the displacements 
are in the z-axis; the same direction as the applied mastication force.

�
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DISCUSSION
According to the literature, FEA has been a promising applicable tool in OMF surgery to 
analyse di�erent types of fracture management and osteosynthesis implants [��-��, ��].

The outcomes of our study are consistent with some of the data that can be found in the 
literature. According to Tams et al. plate positioning is a crucial factor for mandibular fracture 
�xation stability [�]. Lowering the plate along the fracture line from the mandibular upper 
border toward the lower border decreases the fracture �xation stability. Therefore, locating 
the plate on the upper border results in better stability, even with small plates. Based on 
Champy et al., upper border plate placement is based on the fact that mastication creates 
a tensile force in the upper border and a compression force at the lower border resulting 
in the closure of the fracture (Figure �) [�]. This study�s FEA simulation results are similar, 
whereby the Von-Mises stress and displacement increase when the plate is moved along 
the fracture line from the upper border towards the lower border of the mandibular body 
(Table �, Figure �).

According to Ellis et al. and Gerbino et al., the mandibular body height signi�cantly a�ects 
fracture �xation stability [��-��]. A decrease in mandibular height increases fracture �xation 
instability [��]. It is more di�cult to achieve �xation stability with a miniplate in the atrophic 
mandible than in cases with a normal mandibular height. In terms of stability, it means 
that a miniplate that does well in slightly or moderately atrophied mandibles (�� or �� mm 
height) and performs poorly in severely atrophic mandibles (�� mm) (Table �). The literature 
suggests several solutions for instability in the management of mandibular fractures with 
decreased height: e.g., thicker plates and/or more screws at each side of the fracture [��-��].

We used the polymeric model testing method to verify the FEA simulation outcomes. They 
both showed that displacement increases when the mandibular body height decreases (Table 
�, Figure �). This is in line with the literature [�, �, ��] and the current clinical observation. 
This suggests that both FEA studies are good models for analysing mandibular fractures. 
Furthermore, the polymeric model testing outcomes indicate that using a �-hole miniplate 
is not su�cient for lower mandibular height fracture management. It is plausible that a 
�-hole miniplate would have performed even worse in this case. Therefore, �� mm or lower 
mandibular height fracture �xation requires a stronger osteosynthesis system. In this case, 
the load-sharing principle is not valid and the load-bearing principle should be applied [�-�].

There are some limitations regarding the polymeric model testing. Namely, only displacement 
outcomes in the Z-axis (the same direction as the applied force) could be compared between 
the polymeric tests and the FEA studies. This is because the mechanical test bench used 
in this study could only calculate the displacement as the output result. Furthermore, the 
displacement values between the FEA studies compared to polymeric model testing were 
not exactly similar (Table �) due to: (�) the shape of mandibles (the geometrical shapes 
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of the polymeric models were similar to human mandibles, whereas the FEA mandibles 
were simpli�ed models to eliminate mesh errors, (�) FEA uses numerical simulation to 
calculate the amount of displacement. However, on the mechanical test bench, displacement 
was measured based on the movement of the loading bar from the predetermined zero 
position to the end position where the mandible fractured or �xation failed. Nevertheless, 
the displacement results from the FEA studies and polymeric model testing are highly 
comparable (Table �, Figure �).

Finally, our FEA and polymeric model testing outcomes are similar and comparable with 
earlier studies [�-�, ��]. The similar displacement patterns of the FEA and polymeric model 
testing, together with the comparability with earlier studies [�-�, ��-��], show that our 
study was conducted correctly.

The outcomes of the �D simulation so�ware programs were similar and comparable (Table � 
and �) including stress and displacement patterns (Figure � and �). This indicates that the FEA 
setup and outcomes are reproducible and correct. The minor di�erences in the Solidworks 
and Comsol outcome values are caused by the inherent di�erences in the computational 
calculations in the �D simulation environments of both so�ware.

Currently we are working on improving our current mandible model by developing a �D 
computer model based on the exact geometrical shape of the mandible instead of using a 
simpli�ed version, as we did in this study. An approachable method for �D mandible modelling 
is being designed based on CT images. We believe that the FEA approach could signi�cantly 
help the surgeon by giving a better understanding of the preferred fracture management 
regime via creating a �D visualisation of the fracture, guiding towards an optimal reposition 
approach and enabling the selection of the most suitable �xation technique. Regarding 
complex fracture cases (e.g. comminuted or atrophic mandibles), FEA could be applied to 
design a patient-speci�c osteosynthesis system. To achieve this, we are analysing other 
types of mandibular fractures (e.g. angle, symphysis or parasymphysis) based on the FEA 
simulation and polymeric model testing validation. The model should help the surgeon 
to optimise mandibular fracture treatment, thereby improving the surgical practice and 
the clinical outcome. It is possible the same FEA methodology approach can be used for 
optimisation of other bone fractures. However, extensive model testing is necessary to 
validate whether FEA can be used to test other kinds of fracture management. Such studies 
could determine whether FEA alone is su�cient to optimise surgical fracture management.

CONCLUSION
This study illustrates that FEA is a promising applicable tool for simulating various types 
of fractures and �xation systems in OMF surgery. It can be applied in the clinical setting 
for fracture management. FEA can provide clinicians with a lot of information regarding the 

�
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selection of suitable osteosynthesis and the positioning of the plate concerning fracture 
�xation stability. This is achieved by evaluating the biomechanical behaviour between the 
plate and the fracture (e.g., stress, displacement, and forces). Further, FEA provides a clear 
visualisation of what could be expected in terms of fracture stability.
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SUPPLEMENTARY MATERIAL

Supplementary Figure S�. FEA Von-Mises stress [MPa] for di�erent �xation location: (A-B) �� mm height 
mandible, (C-D) �� mm height mandible, and (E-F) �� mm height mandible; note: plate positioned at the 
upper border (right) and plate positioned at the lower border of the mandible (le�).
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Supplementary Figure S�. Mesh convergence plots: (A) �� mm height mandible, (B) �� mm height mandible, 
and (C) �� mm height mandible
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ADDITIONAL APPENDIX:
Test setup �D drawings and dimensions

Total assembly
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Test setup
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ABSTRACT
The clinical �nite element analysis (FEA) application in maxillofacial surgery for mandibular 
fracture is limited due to the lack of a validated FEA model. Therefore, this study aims 
to develop a validated FEA model for mandibular fracture treatment, by assessing non-
comminuted mandibular fracture �xation. FEA models were created for mandibles with 
single simple symphysis, parasymphysis, and angle fractures; �xated with �.� mm �-hole 
titanium miniplates located at three di�erent con�gurations with clinically known di�erences 
in stability, namely: superior border, inferior border, and two plate combinations. The FEA 
models were validated with series of Synbone polymeric mandible mechanical testing (PMMT) 
using a mechanical test bench with an identical test set-up. The �rst outcome was that the 
current understanding of stable simple mandibular fracture �xation was reproducible in both 
the FEA and PMMT. Optimal fracture stability was achieved with the two plate combination, 
followed by superior border, and then inferior border plating. Second, the FEA and the PMMT 
�ndings were consistent and comparable (a total displacement di�erence of �.�� mm). In 
conclusion, the FEA and the PMMT outcomes were similar, and hence suitable for simple 
mandibular fracture treatment analyses. The FEA model can possibly be applied for non-
routine complex mandibular fracture management.
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INTRODUCTION
In Oral & Maxillofacial surgery (OMF), mandibular fracture management is based on two 
essential principles: (�) Champy�s load sharing principle of placing semi-rigid miniplates 
corresponding to the ideal line of osteosynthesis to neutralise the tensile forces. The 
accompanying compression forces are compensated by the interfragmentary stability 
of the fracture. (�) The load bearing principle involves positioning a rigid solid plate at 
the lower border to avoid fragment displacement during functional movement of the 
mandible.���

In the last few decades a�er Champy�s principle was introduced, many studies have been 
conducted to evaluate mandibular fracture �xation, e.g., to develop new osteosynthesis 
materials, using time consuming and expensive polymeric or cadaveric model testing.��� 
Nowadays, it might be favourable to replace physical mandible model assessments with 
computer aided three dimensional (�D) modelling and �nite element analysis (FEA) tools 
for new developments.��� FEA is a computational method to evaluate stress, strain, and 
displacement distribution within an assembly or structure applied in di�erent �elds (e.g., 
engineering or medicine).���� It is a non-invasive, flexible, valid, and precise instrument 
that can be used in OMF surgery for assessing the distribution of forces in di�erent types of 
fractures or �xation methods (e.g., mandibular reconstruction and treatment in traumatology 
or oncological settings).�����

In recent years, there have been more FEA studies in the OMF area����� However, the application 
of FEA in clinical cases is limited in OMF surgery due to non-availability of a validated FEA 
model that can be routinely applied to mandibular fracture treatment. In principle, regarding 
complex fractures (e.g., comminuted or extremely resorbed mandibles), FEA can lead to a 
better understanding of fracture management (e.g., by determining and the visualisation 
of stress, strain, or displacements) and perhaps to new types of implants (e.g., patient 
tailored osteosynthesis). This means that there is a need for a validated FEA computation 
for mandibular fracture analysis. In a previous study, we investigated the Champy principle 
for unilateral simple mandibular body fracture management, using a simpli�ed geometrical 
FEA model, as a proof of principle.�� Our ultimate goal is to use a validated FEA model for 
analysis of more complex fractures, thereby avoiding the expensive and time consuming 
in vitro or in vivo tests.

The purpose of this study was to develop a validated FEA model for mandibular fracture 
management. This was achieved by assessing common mandibular fracture �xation with 
an innovative in silico FEA model, veri�ed by a series of polymeric mandible mechanical 
testing (PMMT). We hypothesised that the mechanical behaviour of di�erent types of simple 
mandibular fracture �xations correspond to the PMMT veri�ed FEA model.

�
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MATERIAL AND METHODS
Study outline
The study applied the FEA simulation principle to analyse simple mandibular symphysis, 
parasymphysis, and angle fracture �xation with varying plate positions, using a �.� mm 
�-hole miniplate system (�.� mm miniplate thickness) with the maxDrive �.� x � mm screws 
(KLS Martin, Gebrüder Martin GmbH & Co., Tuttlingen, Germany). The FEA simulations were 
conducted in the Solidworks so�ware computer simulation program (version SP�.�, ����, 
�D Modelling and Simulation, Waltham, Massachusetts, USA).

The FEA outcomes were validated by a series of polymeric mandible models �xated onto a 
custom-built apparatus in a mechanical test bench (Instron ����, ��TM-� dual column table 
model, Norwood, USA). The FEA simulations were conducted in an identical setting as the 
polymeric mandible mechanical testing (PMMT), namely: identical miniplate positioning, 
load application, �xation, and boundary conditions.

Figure �. �D modelling of the mandible: (a) Synbone mandible segmentation in Mimics, (b) �D mandible 
model containing the cortical and trabecular bones.

�D model
Three mandibles with symphysis, parasymphysis, and angle fractures (Synbone, zizers, 
Switzerland) were selected to create �D models of the mandible. Digital imaging and 
communication in medicine (DICOM) �les of the mandibles were obtained from cone beam 
computed tomography (CBCT) scans (Planmeca Promax, �D-Max ProFace, Helsinki, Finland). 
The CBCT scans were performed according to bone setting with ��� µm voxel size, ��� kV 
tube voltage, and �.� mA tube current. Mandible segmentation was performed by using the 
Mimics so�ware (version ��.�, Materialise, Leuven, Belgium) (Fig. �a). The trabecular bone 
volume segmentation was assigned by using a new mask, changing the Houns�eld unit (HU) 
threshold, and using multiple slice editors in Mimics. The segmented mandible was wrapped 
and smoothened with the �-Matic so�ware (version ��, Materialise, Leuven, Belgium). The 
cortical and trabecular bone sections were then combined into a single mandible assembly 
�le using Geomagic (Solidworks ���� add-in, �D systems, Rock Hill, South Carolina, USA). 
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Geomagic was used to solve the segmentation geometrical mesh errors and to create a 
workable organic mandible assembly �le that could be flawlessly imported and used in 
the Solidworks so�ware. The �D mandible model (containing the cortical and trabecular 
bone) was exported to the Solidworks computer simulation so�ware in a stereolithography 
(STL) �le format (Fig. �b). The study used Solidworks so�ware for �D modelling and FEA 
simulation analysis. The �D mandibles contained a single simple fracture at the symphysis, 
parasymphysis, and angle region, identical to the Synbone polyurethane models, with a 
fracture surface distance of �.� mm (Fig. �). The �.� mm distance was based on the measured 
fracture surface distances from the �xated mandible replicas used in the PMMT.

A �.� mm �-hole osteosynthesis titanium miniplate (KLS Martin: nr. ��-���-��-��; Dimensions: 
�� mm length, �.� mm width, and � mm thickness) and a maxDrive �.� x � mm screw (KLS 
Martin, nr. ��-���-��-��; Screw dimensions: � mm diameter and � mm length) were modelled 
in Solidworks. The miniplate was used for all the fracture �xations (Fig. �).

Figure �. Plate positioning for mandibular (a) symphysis, (b) parasymphysis, and (c) angle fractures: (�) 
miniplate positioned at the superior border, (�) at the inferior border, and (�) the two plate combination.

Polymeric mandible mechanical testing (PMMT)
Various Synbone mandible (symphysis, parasymphysis, and angle) fractures were �xated 
with KLS Martin �.� mm �-hole miniplates by an experienced OMF surgeon, using the 
LevelOne �.� mm KLS Martin surgical mini instrument system (�.� mm Mini Module Regular 
Trauma set, KLS Martin, Gebrüder Martin GmbH & Co., Tuttlingen, Germany) (Supplementary 
Fig. S�). The miniplates were bent according to the shape of the mandible. The superior 
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miniplates were placed at the ideal line of osteosynthesis, and the inferior miniplates at 
the lower border. Positioning the miniplate on the mandible (e.g., bending, drilling, and 
screwing) was performed with the manufacturer�s original instruments (KLS Martin, GmbH 
& Co., Tuttlingen, Germany).

An Instron mechanical test bench was used for conducting the PMMT (Instron ����, ��TM-� 
dual column table model, Norwood, USA) (Fig. �a). The mechanical test bench was calibrated 
in advance, with a precision and accuracy of less than �%. The PMMT was performed three 
times for each of the mandible replicas and each of the plate con�gurations whereupon a 
total of twenty-seven models were tested. This eliminated the risk of measurement bias. 
An automated test protocol was created inside the Instron�s so�ware (BlueHill Universal) 
to get an identical test set-up for all the mandible replicas.

An apparatus was custom fabricated so that the mandible could be placed onto the mechanical 
test bench (Fig. �b), made of AISI (the American Iron and Steel Institute) ��� stainless steel 
(screws and two rod bars) and aluminium alloy (rest of the apparatus). Each mandible 
was secured inside the custom apparatus by �D printed mandible holders made of Nylon 
(polyamide type ��), from the condyle to mid-ramus, just before the mandibular foramen 
(Fig. �c). The two holes in each mandible holder were the same size as the stainless steel 
rod bars of the custom made apparatus which held the mandible in a �xed position. This 
eliminated movement, rotation, or translation of the mandible during mechanical testing. 
Furthermore, since Nylon can deform during multiple loading, the mandible holders were 
replaced a�er � tests, resulting in a total of � mandible holders being used during the PMMT.

The force on the mandible was applied by a custom �D printed part, which was mounted 
on the mechanical test bench load cell (capable of a maximum of � kilonewtons [kN]) (Fig. 
�d). The custom �D printed part was made of Nylon (polyamide type ��) reinforced with 
an AISI ��� stainless steel ring in the centre hole that was mounted on the mechanical test 
bench load cell.

The mandibles were placed at an identical position inside the mechanical bench for each 
test. The load cell was automatically positioned at a prede�ned zero position. When the 
testing started, the mandible was set at a preload of � Newtons [N]. Then the load started to 
increase continuously at a rate of � Newton per second [N/s] until the failure point where the 
mandible�s breaking point was reached. The mechanical test bench could only measure the 
displacement as an outcome. The displacement was recorded according to the mechanical 
test bench�s load cell movement from the zero-position until reaching the failure point 
(Appendix �: PMMT outcomes at the failure point).
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Figure �. Polymeric mandible mechanical testing (PMMT). (a) The test set-up for positioning the mandible inside 
the mechanical test bench. (b) Custom fabricated apparatus for placing the mandible onto the mechanical 
test bench. (c) Custom �D printed mandible holders for �xating the mandible inside the custom fabricated 
apparatus. (d) Load applied on the anterior of the mandible via a custom �D printed part mounted on the 
mechanical test bench load cell.

Finite element analysis (FEA)

Assembly modelling
The FEA analysis started with positioning the �.� mm osteosynthesis miniplate at the 
fracture site. The miniplates were positioned at three con�gurations, namely: one superior 
plate, one inferior plate, and a two plate combination method with one miniplate located 
superiorly and the other inferiorly (Fig. �).

�
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Figure �. FEA set up in Solidworks. (a) Mandible �xation using �xed geometry (from the condyle to mid-
ramus, just before the mandibular foramen), identical to �xation with the mandible holder in the PMMT. (b) 
Mastication force of ��� N applied downwards on the anterior of the mandible, identical to the load application 
in the PMMT. (c) Contact-Set boundaries between the fracture surfaces with a fracture distance of �.� mm 
and no penetration. (d) Contact boundary condition between the miniplate and screws. (e) Contact-Set 
boundary condition between the mandible and osteosynthesis. (f) Impression of the used converged mesh.

Force and �xation
The mandible �xation and load application in the FEA was identical to the PMMT set-up 
(Fig. �). The FEA �xation con�guration was matched to the mandible holder�s �xation 
clamp system used in the PMMT (Fig. �a). This was achieved by �rst placing the mandible 
holders on the mandible at the identical position as in the PMMT (from the condyle to mid-
ramus, just before the mandibular foramen). A�erwards, the mandible �xation nodes were 



117

Biomechanical study of mandibular fracture �xation using FEA validated by PMMT

selected based on the mandible holder reference lines. The line indicates the border where 
the mandible is not being held anymore by the mandible holder. Furthermore, the �xation 
was de�ned by using the �xed geometry option in Solidworks.

An average mastication force of ��� N was applied downwards on the mandible at the 
two incisor teeth, corresponding to the exact same location as the force applied in the 
PMMT (Fig. �b). The ��� N force was chosen for two reasons, namely: (�) it is an average 
mastication force based on the literature�����; and (�) this force is the best for comparing 
the FEA outcomes with those of the PMMT since, beyond this force, some of the mandible 
samples started to break during the mechanical testing (Appendix �).

Synbone mandible material properties
The study used Synbone polymeric mandibles for both the mechanical testing and creating 
a �D mandible model. Synbone is made of polyurethane (PU) synthetic foam with varying 
density, mimicking cortical and trabecular bone.����� A few studies in the literature have 
evaluated the material properties of Synbone and all these studies show di�erences in 
mechanical properties.����� Therefore, to increase the accuracy of this study, it was decided 
to determine the mechanical material properties of the Synbone mandible. This was achieved 
by a series of mechanical tests of Synbone foam blocks, namely: Generic Block (GB) and 
Generic Block High Density (GBHD). The decision to use these foam blocks was taken 
because, according to the manufacturer, their PU density is similar to that of the cortical 
and trabecular bone sections of Synbone mandibles. Test strip samples were made from 
the foam blocks for mechanical testing according to the American Society for Testing and 
Materials (ASTM) dimensions (Appendix � Fig. �a). A calibrated Zwich/Roell mechanical test 
bench (TC-FR�, �TS.D��, Z�.� kN model; positioning accuracy �.���� mm, force accuracy 
�.�%; Zwick/Roell, Venlo, the Netherlands) was used for the mechanical testing. The test 
strip samples were clamped onto the mechanical test bench using �D printed grips made 
of Nylon (polyamide type ��) that were attached to the machine using screws (Appendix 
� Fig. �b). The speed during the testing was set at �� mm/min. The size of the test strips 
was measured before, during (at intervals of �� N), and a�er testing. Multiple strips from 
each block were tested to get an accurate outcome measure and to eliminate measurement 
errors (Appendix � Fig. �c-d). The mechanical properties were calculated for each test 
strip. Finally, all the data were analysed by a statistical expert with analysis of variance 
(Appendix � Table �). The observed standard error was �.�� for the cortical bone and �.�� 
for the trabecular bone.

Finally, the material properties of the mandible were set according to the Synbone�s material 
property testing outcomes. The cortical mandible�s material properties were set at an elastic 
modulus of ���.�� megapascals [MPa], tensile strength of �.�� MPa, yield strength of ��.�� 
MPa, mass density of �.�� g/cm�, and Poisson�s ratio of �.��. The trabecular mandible�s 
material properties were set at an elastic modulus of ��.�� MPa, tensile strength of �.�� 
MPa, yield strength of ��.�� MPa, mass density of �.�� g/cm�, and Poisson�s ratio of �.��.

�
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Osteosynthesis material properties
The titanium osteosynthesis� (miniplate and screws) properties were: elastic modulus of 
������ MPa, tensile strength of ���� MPa, yield strength of ���.�� MPa, mass density of 
�.�� g/cm�, and Poisson�s ratio of �.��.��

Boundary conditions
The Solidworks contact-sets property manager tab enabled de�ning the boundary conditions 
and interactions between the mandible, miniplate, and screws (Fig. �c-e). The interactions 
between the components were in accordance with the current opinion of mandibular fracture 
stabilisation based on a non-locking compression plate. ����� The cortical and trabecular bone 
segments were set as bounded with a � mm gap range using the component interaction tab 
in Solidworks. This meant the two �xed mandible bone segments behaved as one segment 
but, at the same time, kept their own identical mechanical behaviours during the simulation.

The rest of the component interactions were set by using the local interaction tab in Solidworks. 
The mandible fracture surfaces were de�ned by using contact-sets with a �.� mm �xed 
distance between the surfaces (Fig. �c), representing optimal fracture reduction, and was in 
line with polymeric model testing. When fracture surfaces touch under loading, there was no 
friction and only forces normal to the surfaces could be exchanged. The connection between 
the miniplate and the screws were set as a contact in the contact-set properties (Fig. �d). 
There was no friction between these components and only normal forces were exchanged 
between the components. The interaction between the screws and the mandible screw 
holes were de�ned as bounded (Fig. �e). This means that the screw was tightened inside 
the screw hole in the mandible, keeping the miniplate �xed against the mandible surface. 
Finally, the connection between the mandible and the miniplate was set as the contact. 
This means that the miniplate was in contact with the surface of the mandible and was held 
�rmly by the miniplate screws (the so called non-locking compression plating method).

FEA mesh convergence
The mesh size was investigated prior to running the FEA simulation analysis. Convergence 
of the solution was reached by reducing the mesh until the peak Von-Mises stress, in 
megapascals [MPa], became independent of the mesh size (Supplementary Fig. S�: mesh 
convergence plot). This led to a controlled mesh with a minimum element size of �.�� mm 
and a maximum element size of � mm, which was used for the FEA studies (Fig. �f).

Data analysis
The FEA outcomes were evaluated by �rstly investigating the stress distribution, the maximum 
Von-Mises stress and its location (Table �, Fig. �-�, Fig. �a). Secondly, the displacement 
was investigated in the FEA (Table �). Furthermore, the outcomes of the mechanical testing 
were evaluated in terms of displacement in the PMMT (Table �). Finally, the FEA outcomes 
were compared with the PMMT�s displacement patterns for the various fracture types and 
plate con�gurations under a ��� N force (Table �, Fig. �c-d). The FEA�s displacement in the 
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Z-axis (same axis as the force applied in the mechanical testing) was used for comparison 
purposes with the PMMT�s displacement.

In terms of statistics, the FEA and the PMMT outcomes were analysed by statistical experts, 
using SPSS (version ��, IBM corporation, Armonk, New York). First, analysis of variance was 
applied to the Synbone material properties� testing outcomes. This determined the mean, 
standard deviation, and standard error of each material property parameter (Appendix � 
Table �). Secondly, descriptive statistics was applied to determine the mean displacement, 
standard deviation, and ��% con�dence interval of the repeated PMMT (Table �). Furthermore, 
the displacement di�erence between the FEA and the PMMT testing was calculated (Table 
�, Fig. �c-d). Finally, other statistics was not applicable, because the sample size was not 
big enough for a sensible statistical analysis.

RESULTS
Finite element analysis (FEA)
The FEA outcomes illustrate the maximum Von-Mises stress in megapascals [MPa] (Table �) 
and displacement in millimetres [mm] (Table �). The stress distribution and the maximum 
stress varied according to the di�erent fracture types and plate con�gurations (Fig. � and 
�a). In all cases, the maximum stress was located on the osteosynthesis miniplate (see 
Fig. � and � for detailed frontal and back views of stress distribution on the miniplate). 
The Von-Mises stress was lower in the two plate combination for all the fracture types 
(symphysis, parasymphysis, and angle) compared to the single superior or inferior plate 
positioning (Fig. �a�-c�, Fig. �a). Compared to the single superior border (Fig. �a�-c�), the 
single inferior border (Fig. �a�-c�) plate positioning outcomes were not so satisfactory 
as the Von-Mises stress had increased, the fracture surfaces tended to open, and the 
�xation became unstable during loading. This e�ect was more visible for the angle fracture, 
where the amount of stress had increased dramatically compared to the symphysis and 
parasymphysis fractures.

In terms of displacement, the outcome patterns were similar to the stress outcomes (Table 
�, Fig. �, Fig. �b-d). The displacement of the two plate combination was marginally lower 
compared to the single superior and the single inferior plate positioning in all the fracture 
types (Fig. �b-d). Regarding the symphysis fracture, the superior border plate demonstrated 
slightly higher displacement compared to the inferior border plate (di�erence of �.�� mm). 
Regarding the parasymphysis fracture, the inferior border plate exhibited slightly higher 
displacement than the superior plate (di�erence of �.�� mm). Regarding the angle fracture, 
the di�erence became more obvious, where the superior border plate�s displacement was 
much lower than that of the inferior border plate (di�erence of �.�� mm).

�
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Table �. The FEA maximum Von-Mises stress and displacement outcomes.

Mandibular fracture Miniplate con�guration Von-Mises stress [MPa]
Symphysis Superior ���.��

Inferior ���.��
Two plate ���.��

Parasymphysis Superior ���.��
Inferior ���.��

Two plate ���.��
Angle Superior ����.��

Inferior ����.��
Two plate ����.��

Table �. Polymeric mandible mechanical testing (PMMT) displacement compared to FEA displacement 
at ��� N force.

Mandibular 
fracture

Miniplate 
con�guration

Test number
PMMT*

Displacement [mm] at ��� N Displacement 
Di�erence ***PMMT* FEA**

Symphysis Superior � �.��
� �.��
� �.��

Mean – SD [��%CI] �.�� – �.�� [�.��] �.�� �.��
Inferior � �.��

� �.��
� �.��

Mean – SD [��%CI] �.�� – �.�� [�.��] �.�� �.��
Two plate � �.��

� �.��
� �.��

Mean – SD [��%CI] �.�� – �.�� [�.��] �.�� �.��
Parasymphysis Superior � �.��

� �.��
� �.��

Mean – SD [��%CI] �.��– �.�� [�.��] �.�� �.��
Inferior � �.��

� �.��
� �.��

Mean – SD [��%CI] �.�� – �.�� [�.��] �.�� �.��
Two plate � �.��

� �.��
� �.��

Mean – SD [��%CI] �.��– �.�� [�.��] �.�� �.��
[continued on next page]
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Table �. [continued]

Mandibular 
fracture

Miniplate 
con�guration

Test number
PMMT*

Displacement [mm] at ��� N Displacement 
Di�erence ***PMMT* FEA**

Angle Superior � �.��
� �.��
� �.��

Mean – SD [��%CI] �.�� – �.�� [�.��] �.�� �.��
Inferior � �.��

� �.��
� �.��

Mean – SD [��%CI] �.��– �.�� [�.��] �.�� �.��
Two plate � �.��

� �.��
� �.��

Mean – SD [��%CI] �.�� – �.�� [�.��] �.�� �.��

* For the PMMT: each plate con�guration was repeated three times for each fracture under exact conditions 
(Test numbers �-�). Furthermore, the mean, standard deviation (SD), and ��% con�dence interval (CI) of 
the three repeated tests are shown.
** The FEA displacements are the exact values from the computer simulation at ��� N force.
*** Displacement di�erence between the FEA and PMMT in millimetres.

Figure �. FEA Von-Mises stress pattern at ��� N load for (a) symphysis, (b) parasymphysis, and (c) angle 
fractures; with the miniplate positioned respectively at (�) the superior border, (�) inferior border, and (�) 
the two plate combination.
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Figure �. Frontal view of the FEA Von-Mises stress pattern on the osteosynthesis at ��� N load for: (a) 
symphysis, (b) parasymphysis, and (c) angle fractures; with the miniplate positioned respectively at (�) the 
superior border, (�) inferior border, and (�) the two plate combination.

Figure �. Back view of the FEA Von-Mises stress pattern on the osteosynthesis at ��� N load for: (a) symphysis, 
(b) parasymphysis, and (c) angle fractures; with the miniplate positioned respectively at (�) the superior 
border, (�) inferior border, and (�) the two plate combination.
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Figure �. FEA displacement pattern with a ��� N load for (a) symphysis. (b) parasymphysis, and (c) angle 
fractures; with the miniplate positioned respectively at (�) the superior border, (�) inferior border, and (�) 
the two plate combination.
Note: The colour legend on the right side illustrates the assembly displacement pattern (with the blue colour 
representing the maximum displaced region).

Figure �. (a) FEA Von-Mises stress in [MPa]. (b-d) FEA (red) versus PMMT (blue) displacement for the three 
di�erent plate con�gurations in [mm]: (b) symphysis, (c) parasymphysis, and (d) angle fractures.

�
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Figure ��. (a) Average force (x-axis) versus displacement (y-axis) of the PMMT for each mandible con�guration. 
(b) Mean displacement and range for the � repeated tests at ��� N force.
Abbreviation: Upper plate (superior border), Lower plate (inferior border), Two plates (superior and inferior 
border plate combination), and Average (mean).

Polymeric mandible mechanical testing (PMMT)
The PMMT outcomes are shown in table � in terms of displacement [mm] on applying a ��� N 
force compared to the FEA displacement. The mechanical testing was performed until failure 
point was reached, where the polymeric mandible broke when applying the load (Fig. ��: 
PMMT load-displacement graph). At the failure point, all the mandible�s broke at the region 
where the mandible was �xated with the �D printed Nylon mandible holders (Appendix � Fig. 
�-�: the PMMT break pattern at the failure point). In all cases, the mandible broke at a much 
higher force than ��� N, with some cases at just above a ��� N load (Appendix � Table �: 
the PMMT failure force [N] and the maximum displacement [mm]). Therefore, displacement 
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at a force of ��� N was chosen for comparison purposes between the mechanical testing 
versus FEA in the Z-axis (same direction as the force applied during the mechanical testing).

In the PMMT, the two plate combination displayed the lowest displacement of all the fractures 
(Fig. �b-d). Regarding the symphysis fractures, the superior border plate position demonstrated 
slightly higher displacement compared with the inferior border plate position (di�erence of 
�.�� mm). Displacement was slightly lower for the parasymphysis fractures when the plate 
was in a superior border plate position compared to an inferior border position (di�erence 
of �.�� mm). Regarding angle fractures, the displacement was much smaller for the superior 
border plate position than the inferior border plate position (a di�erence of �.�� mm).

FEA versus PMMT
The displacement outcome di�erences between the FEA and the PMMT are shown in table 
�. In all the cases, the FEA displacement was higher compared to the PMMT displacement 
(a total mean di�erence of �.�� mm); however, the displacement patterns of both testing 
methods were similar for the di�erent fracture types and plate con�gurations (Fig. �b-d).

DISCUSSION
This study strived to create a validated �D modelling and FEA numerical simulation principle 
for mandibular fracture management. In the study, we observed four major outcomes. First, 
the FEA outcomes are in line with the current understating of mandibular fracture �xation. 
Earlier literature suggested that the use of a single superior border miniplate may result in 
the least morbidity based on fracture distraction tension lines.�,�� However, this may become 
a problem during functional loading due to the anatomy and biomechanics of the mandible, 
whereas a second inferior border miniplate would be necessary to protect the fracture site 
against the bending and torsional movement forces.����� Such an e�ect was observed in 
our study, where the two miniplate combination generated more stability compared to a 
single miniplate (Table �, Fig. �). In the FEA, the stress on the miniplate resulted from the 
mandible deformities caused by the fracture. This means the miniplate(s) must hold the 
fracture surfaces in a stable anatomical position when a load is applied, and therefore it 
must withstand a huge amount of stress (Fig. �). In the two plate method, the superior border 
miniplate neutralised the tension forces whereas the inferior border miniplate stabilised the 
compression forces (Fig. �-�). Conversely, placing a single inferior border plate generated 
the least fracture stability during functional loading (Fig. �-�).

The FEA stress outcomes (Fig. �) suggest that all the deformations occurred on the miniplate(s), 
since we observed that the stress distribution in the mandible was almost constant. This 
may insinuate that the whole or part of the mandible can be treated as a rigid body. However, 
the former can be excluded by the fact that a completely rigid mandible would lead to zero 
stresses in the plates. To get a �rst impression of where the mandible can be treated as a 
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rigid body, we applied a ��� N load to a non-fractured mandible (Supplementary Fig. S�). 
The �rst observation was that the maximum peak Von-Mises stress of the non-fractured 
mandible was about ���.�� MPa (Supplementary Fig. S�a), which in Fig. � is in the lower 
range of the colour bar and hence hardly visible in those plots. However, carful observation 
of Fig. S�a� illustrates that the stress in the red range of the colour bar can be traced in the 
exact spot in the blue range of the colour bar in Fig. �. Secondly, the maximum stresses 
occurred at the �xation border with the mandible holders (Supplementary Fig. S�a�), 
indicating that this is the most vulnerable spot of the mandible in the study set-up. Using 
section clipping allows one to create a contour of the mandible regions, with the Von-Mises 
being equal or greater than �� MPa (Supplementary Fig. S�a�). This shows that the stresses 
were smaller than in the remainder of the mandible which suggests that, apart from the 
�xation border area (in the mandibular ramus near the foreman mandibula) and possibly 
the area around the miniplate(s) regions, one could model the mandible with rigid bodies. 

����� Therefore, we will investigate the possibilities in future studies regarding reducing the 
complexity of the FEA model.

Second, the outcomes of the FEA and the PMMT were consistent and comparable. The PMMT 
was used to verify the FEA outcomes. The study set-ups were identical in both the FEA and 
PMMT (e.g., identical miniplate positioning, load application, �xation location, and boundary 
conditions). Furthermore, the mechanical test bench in the study could only calculate the 
displacement as the output outcome. Therefore, only the FEA displacement in the Z-axis 
(same direction as the applied force in the mechanical testing) could be compared to the 
displacement outcome of the PMMT. However, both studies� outcomes showed a similar 
displacement pattern (Table �, Fig. �b-d). In all the fracture scenarios, displacement of the 
two miniplate combination was lower compared to the single superior or inferior border plate 
(Fig. �b-d). Furthermore, there was a small consistent displacement di�erence between 
the FEA (slightly higher) versus the PMMT (Table �). In the symphysis and parasymphysis 
fracture cases, there was an average displacement di�erence of �.�� mm between the FEA 
versus the PMMT. In the angle fracture cases, the displacement varied marginally more 
between the FEA versus the PMMT; namely: �.�� mm for the two miniplate combination, 
�.�� mm for the superior border plate, and �.�� mm for the inferior border plate.

The displacement di�erence between the FEA and the PMMT seems to be due to structural 
di�erences caused possibly by several factors. The �rst is the environmental di�erences 
between the FEA and the PMMT. FEA applies a numerical simulation to calculate the amount 
of stress or displacements (Fig. �-�). Displacement in the PMMT, on the other hand, is 
measured according to the movement of the mechanical test bench load bar from the pre-
determined zero position to the end position where the failure point is reached (Fig ��, 
Appendix �). Secondly, fracture reduction may influence the outcomes. In the FEA studies, a 
gap of �.� mm was used based on the measured fracture surfaces distance from the �xated 
mandible replicas used in the PMMT. Regarding the PMMT, mandible fracture reduction 
and �xation with a miniplate was done by an expert surgeon; however, in the Synbone 
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models, the fracture resembled a saw cut instead of a true fracture. This may complicate 
the comparison with a true fracture reduction in the models. In addition, during the PMMT, 
the mandible was �xated using custom �D printed mandible holders and placed in the 
custom apparatus for correct exact placement of the mandible onto the mechanical test 
bench (Fig. �). This process might cause a minor alteration in the fracture surfaces distance 
in the di�erent mandible replicas. We recommend that future studies should, if possible, 
measure the fracture gap a�er placing the mandible onto the mechanical test bench and 
use the corresponding distance in the FEA model. Thirdly, the composition of compact and 
trabecular bone may influence the outcomes. This is illustrated by the ��% con�dence 
interval of the three repeated tests from each scenario (Table �), illustrating a wide range 
in the PMMT sample data. Finally, we considered applying statistics for displacement 
comparison purposes between the FEA and the PMMT; however, it was not applicable due 
to the small sample size. Perhaps future studies could use a larger sample size.

Third, many studies in the literature have tested the Synbone mandible replicas mechanically 
to validate their FEA model ��,��,�� ; however, Synbone mandible replicas might not be a 
suitable material for FEA model validation through mechanical testing. First of all, Synbone 
does not provide information regarding the exact material properties of their mandible 
replicas of the cortical and trabecular bone sections. Secondly, investigation of the Synbone 
material properties in the literature illustrates di�erent values in the studies. ��,��,�� , causing 
confusion regarding the true biomechanical material property values of Synbone mandible 
replicas. ��,��,�� Thirdly, this study�s investigation of the material properties of Synbone foam 
blocks with densities close to the cortical and trabecular bone segments (provided by the 
manufacturer) illustrates that the SD and the SE of the material properties (e.g., elastic 
modulus) are not close enough to say whether it can be applied in FEA studies (Appendix 
� Table A�). Finally, it seems that the moulding process of making the mandible replicas 
creates a marginal error in the composition of the cortical and trabecular bone sections, 
as observed in our mandible replicas during the PMMT. This means that the biomechanical 
behaviour of the mandible during mechanical testing may not be identical between each 
mandible replica. Therefore, in future studies, we aim to use �D printed mandibles made 
of a material with known properties that are comparable to real human bone instead of 
Synbone mandible replicas.

Finally, according to the literature, FEA is a promising tool in the OMF surgery for investigating 
di�erent types of fracture management and di�erent osteosynthesis systems or implants.����,�� 
This study shows that our FEA model is an applicable tool for analysing simple mandibular 
fracture problems; therefore, the outcome of this study is a promising step towards developing 
a validated FEA model suitable for many di�erent situations (e.g., complex mandibular 
fractures or other bone fractures in the OMF region).

In conclusion, this study illustrates that the application of the FEA principle in OMF surgery 
has a lot of protentional. The surgeon can take a leap of faith in the FEA�s capabilities for 

�
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analysing mandibular fractures (e.g., atrophic or comminuted) as well as for studying 
or developing new types of osteosynthesis implants (e.g., patient speci�c �D printed or 
biodegradable). However, there is a need for more extensive studies to conclude whether 
FEA alone is su�cient without having to undertake mechanical testing and whether it can 
be standardly applied in the clinical setting.
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SUPPLEMENTARY MATERIAL

Supplementary Figure S�. PMMT miniplate positioning for mandibular (a) symphysis, (b) parasymphysis, 
and (c) angle fractures: with the miniplate positioned respectively at (�) the superior border, (�) inferior 
border, and (�) the two plate combination.
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Supplementary Figure S�. Mesh convergence: X-axis the number of elements and Y-axis peak Von-Mises 
stress in MPa. Note: The applied mesh had a minimum element size �.�� mm and a maximum element size 
of � mm.

Supplementary Figure S�. FEA outcomes of a non-fractured mandible on applying a ��� N load. (a) Von-
Mises stress in MPa: (a�) illustrating the stress pattern in the non-fractured mandible; (a�) focusing on the 
maximum stress region using the section clipping option in Solidworks (stress contour � �� MPa), illustrating 
the peak stress at the border of the �xation side with the mandible holders. (b) Illustrating the displacement 
pattern of the non-fractured mandible.
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Appendix �: Polymeric mandible mechanical testing (PMMT) outcomes 
at the failure point.
Appendix � Table A�. Polymeric mandible mechanical testing (PMMT) displacement at the failure force.

Mandibular 
fracture

Miniplate 
con�guration Test number* Failure force [N]

Displacement [mm]
at failure force

Symphysis Superior � ��� ��.��
� ��� ��.��
� ��� ��.��

Mean ��� ��.��
Inferior � ��� ��.��

� ��� ��.��
� ��� ��.��

Mean ���.�� ��.��
Two-plate � ��� ��.��

� ��� ��.��
� ��� ��.��

Mean ��� ��.��
Parasymphysis Superior � ��� ��.��

� ��� ��.��
� ��� ��.��

Mean ��� ��.��
Inferior � ��� ��.��

� ��� ��.��
� ��� ��.��

Mean ���.�� ��.��
Two-plate � ��� �.��

� ��� ��.��
� ��� ��.��

Mean ���.�� ��,��
Angle Superior � ��� ��.��

� ��� ��.��
� ��� ��.��

Mean ���.�� ��.��
Inferior � ��� �.��

� ��� ��.��
� ��� ��.��

Mean ���.�� ��.��
Two-plate � ��� ��.��

� ��� ��.��
� ��� ��.��

Mean ���.�� ��.��

* For the PMMT: each plate con�guration was repeated three times for each fracture under exact conditions 
(Test numbers �-�).
Italics: mean values.
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Appendix � Figure A�. The break pattern of mandible replicas with a symphysis fracture at the peak 
maximum force.
In all cases, the mandible broke at the �xated side where the mandible was �xed using the �D printed Nylon 
(polyamide type ��) mandible holders inside the mechanical test bench. In all cases, the miniplate and 
screws remained intact on the mandible.
(a) Superior miniplate con�guration: (a�, a�) broke on the right side (a�, a�), and (a�) broke on both �xation 
sides with the mandible holders.
(b) Inferior miniplate con�guration: all the mandibles broke on the le� side where the mandible was �xated 
by the �D printed mandible holders inside the mechanical test bench
' Two miniplate con�guration: all the mandibles broke on the le� side where the mandible was �xated by 
the �D printed mandible holders inside the mechanical test bench.
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Appendix � Figure A�. The break pattern of mandible replicas with a parasymphysis fracture at the peak 
maximum force.
(a) Superior miniplate con�guration: all the mandibles broke on the le� �xated side where the mandible was 
�xated by the �D printed mandible holders inside the mechanical test bench.
(b) Inferior miniplate con�guration: all the mandibles broke on the le� �xated side where the mandible was 
�xated by the �D printed mandible holders inside the mechanical test bench. (b�) additional breakage at 
the parasymphysis fracture site into three fragments, and one screw was lost.
(c) Two miniplate con�guration: all the mandibles broke on the le� �xated side where the mandible was 
�xated by the �D printed mandible holders inside the mechanical test bench.
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