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ABSTRACT

Three different kinds of condylar inclination were manually modelled anteriorly inclined condylar
neck, vertical condylar neck, and posteriorly inclined condylar neck. Three different maxillary
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impactions were simulated to evaluate the effect of counterclockwise rotation. The von Misses

stresses of the disc, compressive stresses of the glenoid fossa, and compressive stresses of the
condyle were the highest in the models with posteriorly inclined neck and lowest in the models
with vertical condylar neck design. Stresses of the temporomandibular joint increase with the
counterclockwise rotation of the maxilla-mandibular complex. The posteriorly inclined neck
should be considered a risk factor for condylar resorption with increased counterclockwise

rotation.

Introduction

Orthognathic surgical procedures are typical approaches
for the treatment of maxillofacial deformities which
cannot be corrected with conventional(non-surgical)
orthodontic treatments. During mandibular orthog-
nathic surgeries, the condyle can rotate and move to a
new 3D location relative to the articular fossa while
repositioning the proximal segment (Pergel et al. 2023).
Previous researches indicated that condyles respond to
these positional changes with remodelling and eventu-
ate in morphological changes to varying degrees in
TMJs, surrounding soft tissues, and masticatory muscu-
lature (Jung et al. 2015). Besides condylar remodelling
is a physiological response of TMJ to meet functional
demands, with increased loading of TMJ with man-
dibular advancement may exceed the adaptive capacity
of the TMJ and may give rise to condylar resorption
(CR) (Mousoulea et al. 2017).

CR is defined as a progressive alteration in the con-
dylar shape followed by a reduction in mass
(Mousoulea et al. 2017). CR is a dreaded reason for
late post-operative relapse and negatively affects the
patient’s overall satisfaction and consequence with an
open bite tendency and reduction of mandibular pro-
jection (Catherine et al. 2016). Etiological factors can
be divided into patient-related and surgery-related fac-
tors. Patient-related factors include female gender,
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pre-operative TM] dysfunction, mandibular hypoplasia
with high mandibular occlusal plane angle, and poster-
ior inclination of the condylar neck (Eggensperger
et al. 2006; de Moraes et al. 2012). Surgery-related fac-
tors can be listed as the amount of mandibular
advancement, type of fixation, and amount of counter-
clockwise rotation of the maxillomandibular complex
(Eggensperger et al. 2006; de Moraes et al. 2012). The
aim of the present study is to evaluate the effects of
condyle neck inclination on the stress distribution of
the temporomandibular joint in a patient with Class II
skeletal deformity via finite element method (FEM).
Furthermore, different amounts of maxillary impaction
were simulated for each model to assess the effect of
counterclockwise rotation on the stress distribution of
the temporomandibular joint.

Material and methods
3D virtual model reconstruction

This study was approved by the human research ethics
committee of Bezmialem Vakif University. The
DICOM data of a 24-year-old female, who has no
symptom of TMJ and full dentate was used for recon-
struction of the three-dimensional model of the head.
This patient has already been operated on for her Class
IT dentofacial deformity with mandibular advancement
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and counterclockwise rotation. Axial computed tomog-
raphy images have been taken for virtual surgical plan-
ning of the patient, were saved in DICOM format, and
transferred to the NemoFAB software (Nemotech,
Madrid, Spain) for reconstruction of the 3D virtual
models of the patient, simulations of the osteotomies
and simulations of the surgical movements. Routine
virtual surgical planning sequences were followed. First,
the head model constructed with DICOM data and
dental model scans were merged into the head model.
Then the records were oriented to the natural head
position of the patient. After the segmentation of the
maxilla and mandible, sagittal split ramus osteotomy
with Hunsuck modification and Lefort I osteotomy was
virtually made. Due to the surgical plan of the patient,
2mm maxillary advancement was simulated first, and
then three different impactions were simulated for
investigation of the effect of counterclockwise rotation.
First, 2mm maxillary impaction was simulated, and
then the mandibular segment was moved according to
the planned final occlusion. The lower borders of the
distal and proximal segments were aligned, thus prox-
imal segment was rotated correspondingly to the rate
of impaction (Figure 1). All independent models cre-
ated and moved to a new position during virtual plan-
ning sequences were merged with Boolean operations
and exported as a single STL file. Then the same pro-
cedure was followed for 4mm and 6mm impactions

Figure 1. Relative positions of proximal segment, distal seg-
ment, maxillary segment and cranial base after simulation of
maxillary impaction, counterclockwise rotation of distal and
proximal mandibular segments.

respectively. All STL files were transferred to the
ALTAIR Evolve Software (ALTAIR, Troy, MI, USA).
Gaps between the osteotomy lines in the meshes were
manually restored to simulate osseous healing in the
osteotomy sites.

In the present study, three different kinds of con-
dylar forms 1) anteriorly inclined condylar neck, 2)
vertical condylar neck with no inclination, and 3)
posteriorly inclined condylar neck were modelled. It
was noticed that the current model of the patient has
a posteriorly inclined condylar neck. By modifying
the condylar morphology and ramus posterior border,
the condylar neck with no inclination and anteriorly
inclined condylar neck were manually modelled
according to previous definitions made by authors
(Hwang et al. 2000). These modifications were trans-
ferred to the models with different impactions thus,
nine different kinds of bone models were obtained
(Figure 2). Cortical and spongious bone were auto-
matically assigned from the Hounsfield Units of CT
into finite element models. Direct and tight contact
was assumed at the boundary of the cortical and can-
cellous bone. A 3D model of a 1.0 mm profile mini-
plate was constructed based on a commercially
available miniplate system (Level One 2.0, KLS
Martin, Tuttlingen, Germany). Screw geometry was
simplified into 2 mm diameter and 5mm length cylin-
ders. TMJ disk was also manually modelled and
located according to the anatomical futures and
dimensions of the disc. ALTAIR Evolve software was
used for all these manual constructions.

Meshing procedure

All models were imported to the ALTAIR Hypermesh
software for the meshing procedure. The models were
meshed with 3D quadratic tetrahedral elements. In
the area of the TMJs, the mesh was refined by
increasing the number of nodes to obtain more accur-
ate results. As a result, the smallest model has 444937
nodes and 1738968 elements, while the largest model
has 463558 nodes and 1818510 elements.

Boundary conditions and loading

In the present study, a homogenous, linearly elastic,
and isotropic material description was used to define
the material properties of cortical bone, spongious
bone, TMJ disc, and titanium alloy. Young’s modulus
and Poisson’s ratios for simulated materials are pre-
sented in Table 1. The unilateral 100N load was
applied to the left, first mandibular molar perpendicular
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Figure 2. Models with different impaction simulations and condylar neck morphologies. A) 2 mm maxillary impaction simulated
model with vertical condylar neck. B) 4 mm maxillary impaction simulated model with vertical condylar neck. C) 6 mm maxillary
impaction simulated model with vertical condylar neck. D) 2 mm maxillary impaction simulated model with anteriorly inclined con-
dylar neck. E) 4mm maxillary impaction simulated model with anteriorly inclined condylar neck. F) 6 mm maxillary impaction
simulated model with anteriorly inclined condylar neck. G) 2mm maxillary impaction simulated model with posteriorly inclined
condylar neck. H) 4 mm maxillary impaction simulated model with posteriorly inclined condylar neck. I) 6 mm maxillary impaction

simulated model with posteriorly inclined condylar neck.

Table 1. Material properties.

Elastic Poisson
Modulus Ratio
Cortical bone (Nurettin and Burak 2018) 13.700 0.3
Cancellous bone (Nurettin and Burak 2018) 1.500 0.3
TMJ disc (Silva et al. 2020) 441 0.4
Titanium Alloy (Nurettin and Burak 2018) 110.000 0.34

to the occlusion plane. Regarding boundary conditions,
the bilateral nodes of the superior border of the tem-
poral bones and the inferior border of the symphysis
were constrained in all directions. The interfaces
between the TMJ disc-condyle, as well as the TMJ disc-
glenoid fossa, were regarded as surface-to-surface con-
tacts with a frictional coefficient of 0.001. All the other
interfaces between the models (miniplate-screw contacts
and screw-bone contacts) were considered bonded con-
tacts. Totally 9 nonlinear analyses were made for 9
models. von Mises stress values of the TMJ disk and
principal compressive stress (minimum principal stress)
of the condyle and the glenoid fossa in the temporal
bone were evaluated.

Results

von Mises stress values of the TMJ disk and min-
imum principal stress of the condyle and the glenoid
fossa were 5-20% higher on the left (functioning)
side. So, stresses on the functioning side were consid-
ered for comparison between the groups in the
present study.

Von Mises stresses of the TMJ disk

Maximum von Mises stresses were evaluated in the
both upper and lower surfaces of the TMJ disc. The
maximum von Mises stresses were observed in the
most concave point on the superior surface of
the TMJ disk facing to glenoid fossa in all models
(Figure 3). The highest von Mises stress of the TM]
disc was noted in the model with 6 mm impaction
and posteriorly inclined neck design, on the other
hand, the lowest von Mises stress was noted in the
model with 2mm impaction and no inclined neck
design. It was noted that stresses of the TM] disc
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Figure 3. Von Mises stresses of the TMJ disk. A) 2 mm maxillary impaction simulated model with vertical condylar neck. B) 4 mm
maxillary impaction simulated model with vertical condylar neck. C) 6 mm maxillary impaction simulated model with vertical con-
dylar neck. D) 2mm maxillary impaction simulated model with anteriorly inclined condylar neck. E) 4 mm maxillary impaction
simulated model with anteriorly inclined condylar neck. F) 6 mm maxillary impaction simulated model with anteriorly inclined con-
dylar neck. G) 2mm maxillary impaction simulated model with posteriorly inclined condylar neck. H) 4mm maxillary impaction
simulated model with posteriorly inclined condylar neck. I) 6 mm maxillary impaction simulated model with posteriorly inclined
condylar neck. (X: mediolateral direction, Y: anteroposterior direction, Z: inferosuperior direction).

progressively increase with the amount of maxillary
impaction for all kinds of condylar morphology.
Moreover, independently of the amount of maxillary
impaction, stresses of the TMJ disc were the highest
in the models with posteriorly inclined neck design
and lowest in the models with no inclined neck
design. (Table 2).

Minimum principal (compressive) stresses of the
condyle

The maximum compressive stresses in the condyle
were observed at the superior-anterior surface of the
condylar head facing the most convex point on the
lower surface of the TM]J disk in all models (Figure 4).
The highest Minimum Principal stress of the condyle
was noted in the model with 6 mm impaction and
posteriorly inclined neck design on the contrary, the
lowest minimum principal stress was noted in the
model with 2mm impaction and no inclined neck
design. It was noted that stresses in condyle progres-
sively increase with the amount of maxillary impaction
for all kinds of condylar morphology. Furthermore,
stresses of the condyle were the highest in the models

Table 2. Comparison of peak von Mises stresses of the TMJ
disc (kPa).

2mm 4mm 6mm
Condyle with no inclination 8.4 9.7 10.5
Anteriorly inclined condyle 10 12 12.2
Posteriorly inclined condyle 1 13.6 14

with posteriorly inclined neck design and lowest in
the models with no inclined neck design for all eval-
uated amounts of maxillary impaction (Table 3).

Minimum principle (compressive) stresses of the
glenoid fossa

The maximum compressive stresses in the glenoid
fossa were observed at the anterior slop of the glenoid
fossa facing to the most concave point on the upper
surface of the TM]J disk in all models (Figure 5). The
highest Minimum Principal stresses of the glenoid
fossa was noted in the model with 6 mm impaction
and posteriorly inclined neck design however, the
lowest minimum principal stress was noted in the
model with 2mm impaction and no inclined neck
design. It was noted that stresses in condyle progres-
sively increase with the amount of maxillary
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Figure 4. Minimum principal (compressive) stresses of the condyle. A) 2mm maxillary impaction simulated model with vertical
condylar neck. B) 4mm maxillary impaction simulated model with vertical condylar neck. C) 6 mm maxillary impaction simulated
model with vertical condylar neck. D) 2mm maxillary impaction simulated model with anteriorly inclined condylar neck. E) 4 mm
maxillary impaction simulated model with anteriorly inclined condylar neck. F) 6 mm maxillary impaction simulated model with
anteriorly inclined condylar neck. G) 2mm maxillary impaction simulated model with posteriorly inclined condylar neck. H) 4 mm
maxillary impaction simulated model with posteriorly inclined condylar neck. I) 6 mm maxillary impaction simulated model with
posteriorly inclined condylar neck. (X: mediolateral direction, Y: anteroposterior direction, Z: inferosuperior direction).

Table 3. Comparison of peak compressive stresses of the
condyle (kPa).

2mm 4mm 6 mm
Condyle with no inclination 8.1 8.27 11.4
Anteriorly inclined condyle 9.4 10.2 14.2
Posteriorly inclined condyle 124 12.5 14.5

impaction for all kinds of condylar morphology.
Furthermore, stresses of the condyle were the highest
in the models with posteriorly inclined neck design
and lowest in the models with no inclined neck
design for all evaluated amounts of maxillary impac-
tion (Table 4).

Discussion

Factors such as improving mastication, swallowing,
and speech functions besides facial aesthetics are
motivating factors for patients undergoing orthog-
nathic surgery. During orthognathic surgeries, the
position of the condyles with the glenoid fossa can be
altered during the repositioning of the condylar seg-
ments. Condyle, disk, soft tissues around the TMJ,

and musculature adapt to these positional changes.
When these changes exceed the adaptive limits of the
condyle CR may occur (Jung et al. 2015). Moreover,
excessive changes in TMJ load have been considered
as the cause of degeneration changes (Li et al. 2020).
Therefore, surgeons should stay within the adaptive
limits of the TM]J structures during the planning of
the orthognathic surgery cases. Consequently, it is
important to know the effects of patient-related fac-
tors and surgery-related factors on TM] structures
after orthognathic surgery as much as possible. In the
present study, we evaluated the post-operative long-
term effects of condyle neck morphology and the
amount of counterclockwise rotation of the mandible
on TMJ structures in a patient with Class II skeletal
deformity.

FEM is a numerical method for solving mechanical
problems for complex structures. Due to its great
reproducibility and reliability, there is many researches
with this technique in different parts of dentistry
(Aktas and Diker 2023; Mori et al. 2010). In addition,
there is not any experimental and ethical technique to
evaluate the load of a joint in the body. Therefore, it
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Figure 5. Minimum principal (compressive) stresses of the glenoid fossa. A) 2 mm maxillary impaction simulated model with verti-
cal condylar neck. B) 4mm maxillary impaction simulated model with vertical condylar neck. C) 6 mm maxillary impaction simu-
lated model with vertical condylar neck. D) 2mm maxillary impaction simulated model with anteriorly inclined condylar neck. E)
4 mm maxillary impaction simulated model with anteriorly inclined condylar neck. F) 6 mm maxillary impaction simulated model
with anteriorly inclined condylar neck. G) 2mm maxillary impaction simulated model with posteriorly inclined condylar neck. H)
4 mm maxillary impaction simulated model with posteriorly inclined condylar neck. I) 6 mm maxillary impaction simulated model
with posteriorly inclined condylar neck. (X: mediolateral direction, Y: anteroposterior direction, Z: inferosuperior direction).

Table 4. Comparison of peak compressive stresses of the
glenoid fossa (kPa).

2mm 4mm 6mm
Condyle with no inclination 7.26 8.27 9.60
Anteriorly inclined condyle 7.51 8.74 1.3
Posteriorly inclined condyle 9.18 1.1 12.8

is obligatory to create an FEA model of the TMJ for
the evaluation of joint load (Commisso et al. 2014).
The stresses in the jaws and related structures increase
with the increasing biting forces. Patients usually avoid
chewing and biting foods for several weeks to several
months after the orthognathic surgery and a compre-
hensive meta-analysis by Bunpu et al. showed that,
bite forces of the orthognathic surgery patients at the
6 months post-surgery period were less than %50 of
bite forces of non-operated people (Bunpu and
Changsiripun 2023). Thus, consequences of load on
CR happen in the long term post-operative period.
When patients start to make notable forces the bony
healing in the osteotomy sides has already happened.
Accordingly, 100N biting force in the molar region
was chosen as a biting force in the current study
which is significantly lower than the biting force of a
non-operated person and gaps between osteotomy
lines were restored to simulate bony healing. The
properties of the materials are considered during the

evaluation of stress analysis. Principle stresses are con-
sidered for brittle materials such as bone, porcelain,
and hard tissues of the tooth, whereas Von Mises
stress is considered for the analysis of ductile materials
such as metals (Kiigikkurt 2017). Thus, Von Mises
stresses were considered for the TM]J disc and min-
imum principal stresses (compressive stresses) were
considered for both condyle and glenoid fossa in the
present study. As can be interpreted from the results
of the study, the highest stresses occur on the surfaces
of the condyle, disc and fossa facing each other.
Failures of the anatomical structures occur when stress
on them exceeds the yield strength of the material or
as a fatigue failure after cyclic loading. The fatigue life
of structures is influenced by the maximum stress of
the structures under specific loads and the number of
loading cycles. Theoretically, fatigue life can be
increased by decreasing the highest stress in the struc-
ture. Significantly lower stresses with little clinical sig-
nificance were observed in the anterior, posterior,
lateral and medial sides of the components where the
highest stresses were observed.

During FEA the stress observed in soft tissues,
such as the articular disk in the present study is lower
compared to the stress observed in load-bearing hard
tissues such as the corpus or symphysis of the man-
dible (Nurettin and Burak 2018). However, the



756 (%) S.ALIZADA ET AL.

likelihood of fatigue failure in living tissue depends
on the magnitude and frequency of the observed
stress (Nickel et al. 2009). The compressive strain
produced during a static period of loading, frequency,
and magnitude of applied mechanical work imposed
on a volume of the TMJ disk can be listed as variables
determining the mechanical fatigue rate of articulating
surfaces (Murakami et al. 2023). Furthermore, Gallo
et al. reported that high energy density is possibly a
unique mechanism of cartilage fatigue in individuals
with TMJ pain and disk displacement (Gallo L R
Iwasaki et al. 2015).

Hwang et al. defined three different kinds of con-
dylar form regarding the angle between the vertical
axis of the ramus and the line drawn through the top
of the condylar head and the centre of the broadest
part of the condyle. These three condylar forms were
modelled and investigated in the present study as
anteriorly inclined condylar neck, vertical condylar
neck, and posteriorly inclined condylar neck (Hwang
et al. 2000). Furthermore, they made the cephalomet-
ric evaluation of 240 Angle Class II patients 2 years
after orthognathic surgery and identified CR in 11
patients. These cases were retrospectively evaluated
for possible anatomical and surgical risk factors for
CR. It has been shown that all patients with CR had
posteriorly inclined condylar necks. In another study
by Hwang et al. they compared 17 patients with post-
operative CR with 22 patients without postoperative
CR and found that posterior inclination of the con-
dylar neck should be considered a nonsurgical risk
factor for CR (Hwang et al. 2004). A similar classifi-
cation was made by Hoppenreijs et al. who stated
that condyles with a height-to-width ratio of less than
1 and condyles with posteriorly inclined neck seems
to be more at risk for CR (Hoppenreijs et al. 1999).
The results of the present study showed that models
with posteriorly inclined condylar necks have the
highest stresses in all evaluated anatomical structures.
Von Misses stresses of TM] disk were %30-40 higher
in the models with posteriorly inclined neck com-
pared with the models with no inclination, minimum
principal stresses of condyle were %27-53 higher in
the models with posteriorly inclined neck compared
with the models with no inclination and minimum
principal stresses of glenoid fossa were %26-35 higher
in the models with posteriorly inclined neck com-
pared with the models with no inclination. All results
of the present study are comparable with the findings
of the previous studies mentioned above.

A step at the buccal osteotomy site is formed
between the proximal and distal segments during

BSSO, especially in the case of anterior and superior
mandibular movement. Surgeons usually prefer to
reposition the inferior border of the proximal segment
to avoid postoperative antegonial notch, thus counter-
clockwise rotation also happens in the condylar seg-
ment. This rotational change is considered as a risk
factor for CR by several researchers, particularly in
cases with large mandibular advancement (Togninalli
et al. 2022; Vandeput et al. 2019; Teltzrow et al
2005). The rationale behind this theory is that coun-
terclockwise rotation of the condylar segment brings
less dense and formerly unloaded anterior surface of
the condyle more superiorly (Mousoulea et al. 2017;
O’Ryan and Epker 1984; Kobayashi et al. 2012). This
theory also explains the susceptibility of the poster-
iorly inclined condylar neck for CR. In the case of a
posteriorly inclined condylar neck, the less loaded
anterior-superior area of the condyle is more exposed
to loading (Mousoulea et al. 2017). In a comprehen-
sive review of Togninalli et al. anterior rotation of the
mandible during surgery in young women is consid-
ered as a risk factor of CR (Togninalli et al. 2022).
The effect of rotational movement of the proximal
segment was also evaluated in the previously men-
tioned study of Hwang et al. and it has been showed
that all patients with condylar resorption had a coun-
terclockwise rotation of the proximal segment, that is
6.78° (2.5-12.0°) on average (Hwang et al. 2000).
Moreover, in the retrospective study of Hwang et al.
preoperative cephalometric parameters related to
hyperdivergent facial vertical pattern, which usually
necessitate counterclockwise rotation of the mandible,
were considered a relevant risk factor for CR in
bimaxillary orthognathic surgery patients (Hwang
et al. 2004). The results of the present study showed
that stresses in all evaluated anatomical structures
increase with increasing rotation of the mandible.
Von Misses stresses of TM]J disk were %22-27 higher
in the models with 6 mm maxillary impaction com-
pared with the models with 2mm maxillary impac-
tion, minimum principal stresses of condyle were
%17-51 higher in the models with 6 mm maxillary
impaction compared with the models with 2mm
maxillary impaction and minimum principal stresses
of glenoid fossa were %32-50 higher in the models
with 6 mm maxillary impaction compared with the
models with 2 mm maxillary impaction. All results of
the present study are consistent with what has been
found in previous studies mentioned above.

There are certain limitations of FEM as it is a com-
puterized in vitro study in which clinical conditions
may not be completely simulated. Stress analysis is
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usually conducted under static loading, and the mech-
anical properties of materials are set as isotropic and
linearly elastic, although it is not so in reality.
However, within the limitations of the present study,
it can be concluded that stresses in the condylar head,
glenoid fossa, and TM]J disc increase with the increas-
ing impaction of the maxilla and counterclockwise
rotation of the proximal segments. Condyles with no
inclination present the most favourable morphological
subtype according to TMJ loads. Stresses of the TM]J
increase in the case of anteriorly inclined condylar
neck and posteriorly inclined condylar neck morph-
ology leading to the highest stresses of the TM]J. The
surgeon should consider morphological features of
the condyle and other reported non-surgical factors
found to be related to CR in the literature during sur-
gical planning. Consequently, surgeons may consider
adding genioplasty to the surgical plan for controlling
vertical dimension, instead of increasing the counter-
clockwise rotation to decrease the risk of CR.
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