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FINITE ELEMENT ANALYSIS OF ADOLESCENT MANDIBLE FRACTURE OCCURRING DURING ACCIDENTS

The paper aims was assessing risks of mandible fractures consequent to impacts or sport accidents. The role of the structural
stiffness of mandible, related to disocclusion state, was evaluated using the finite element method. It has been assumed, that the
quasi-static stress field, due to distributed forces developed during accidents, could explain the common types of mandibular frac-
tures. Mandibular condyles were supposed jammed in the maxillary fossae. The force of 700 N, simulating an impact on mandible,
has been sequentially applied in three distinct areas: centrally, at canine zone and at the mandibular angle. Clinically most frequent
fractures of mandible were recognized through the analysis of maximal principal stress/strain fields. It has been shown that man-
dibular fracture during accidents can be analyzed at satisfactory level using linear quasi-static models for designing protections.
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1. Introduction

Injuries in the stomatognathic system, as a consequence of
traffic or sports accidents, attained the status of the main public
health problem [1]. Following a literature review the authors find
that from 76 to 93% of patients who experienced facial wounds
suffered mandibular fractures [2,3]. They are mainly located in
the condylar neck, in the symphysis and parasymphysis but also
in the body and the mandibular angle [4,5].

Studies of tissues under impact forces are essential for
research improving safety solutions [6-12]. There are numer-
ous finite element quasi-static analyses of biomechanics of
mandible. They concern the force transmission into temporo-
mandibular joint (TMJ) [13-16], TMJ implants and bone fixation
plates [17-19], distraction osteogenesis [20,21] as also contact
phenomena in dental restorations [22-24] under occlusal forces
[25,26] and intra-oral forces of lips and tongue [27,28]. How-
ever, numerical studies on risk of mandibular fractures are rarely
presented in the literature, although finite element method has
been successfully applied in fracture predictions of such bones
like femur and tibia [29]. Realistic simulations of deceleration
during accidents allow precise determination of dynamic forces.
However, they frequently concern greatly simplified bone struc-
tures [6,30-32]. Brain injury was the topic of the works [30-32]

but the mandible was represented as a simplified structure with
average elastic properties of cortical and cancellous bone tis-
sues. However, skull bone answer is depended on its structure
and cortical bone layer thickness [33-36] Force transfer to the
skull in case of impact to mandible was conducted by Tuchtan
et al. [37] taking into account its cortical and cancellous con-
stituents. But the risk of mandibular fracture was not analyzed
in this investigation. Simulation and experimental studies [38]
show that prediction of fracture localization is possible based on
modal vibrational analysis. However, a free-support condition on
sponge and stiffness of alveolar processes without periodontal
ligament are not consistent with real mandible behavior. Also
in the modeling approach developed in works [39,40] the lack
of periodontal tooth resiliency makes impossible the analyses
of teeth fracture, for example, in design of protections in sport
(mouthguards). This fact affects analysis of the mandibular frac-
tures due to incorrect load transfer into bone tissue surroundings
excessively stiff alveolar processes [41]. Resiliency of teeth
was considered by Bezerra et al. [42] The authors correlated
stress concentration around third molars with a high number of
fractures [43]. But stresses in bone reached exaggerated value
of 180 MPa due to the assumed extreme level of blow force of
250 kgf. Consequently, tendency to the most common fractures
of condylar neck was not detectable. Fractures of adolescent
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mandible during sports are common, despite lower blow forces
involved in regards to muscle strengths and body weight. Dur-
ing blow external forces produce stresses, whose distribution in
mandible is sensitive to structural stiffness of alveolar processes.
In general, the modeling conditions close to real life are crucial
for strength analysis but from the other hand they increase
computing costs [44]. In this work special attention was paid to
mandibular fracture prediction in teenagers. Indeed, they com-
monly suffer teeth and jawbone injuries during sport and daily
activity [45,46].

The aim of this work was to analysis the risk of fracture
of adolescent mandible under forces associated with standard
accidents. The problem was treated via the FEM simulations
based on quasi-static elastic bone answer to a blow on disoc-
cluded mandible. It has been assumed that the quasi-static stress
field, due to distributed forces developed during accidents, could
explain the common types of mandibular fractures.

2. Materials and Methods

CAD software (Solidworks) with reverse engineering
capability (ScanTo3D) was used for reconstruction of human
mandibular surfaces on the basis of an imported stereolithogra-
phy triangle surface (STL) file model of the 12 years-old ado-
lescent. Thickness of cortical bone layer was estimated basing
on average literature data [47]. Teeth were redesigned because
the three-dimensional reconstruction of teeth with periodontal
ligament and alveolar socket from medical imaging is cumber-
some and specialized software is still under development [48].
Teeth roots were simplified and slightly contracted in radial
direction leading to an increase of gap between adjacent teeth
in the mandible larger than naturally observed. This modifica-
tion was necessary to avoid problems in mesh generation due
to small gaps between adjacent teeth and chosen mean element
size. Concerning the hard tissues of teeth, only dentine was taken
into account. Enamel was neglected because of a weak influence
of this thin layer on stress field in mandible. The resulting FE
mesh (Ansys, Workbench) is illustrated (Fig. 1).

Mesh involved 558838 nodes and 381189 tetrahedral
10-node elements (Ansys, TET10). Statistics of elements’ quality
is displayed in Fig. 2a. Poor quality elements (having Jacobean
lower than 0.25) are highlighted in Fig. 2b. They were in the
periodontal ligament outside the criterion areas where the mesh
quality was good. The convergence of nodal and elemental
values were obtained in the areas of interest. The elastic, linear
and isotropic constitutive law was assumed for all involved
tissues. The associated mechanical properties are summarized
in Table 1

To simulate impact to the mandible, a distributed horizontal
force (parallel to occlusal plane XY) of 700 N of magnitude
was applied [49]. Three load cases were simulated: Frontal
Impact (FI) to the mental protuberance (FY =—-700 N), Impact
to Canine (CI) region (FX =-367,73 N; FY = 595,63 N) and
Lateral Impact (LI) to mandibular angle (FX =700 N). The blow
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Fig. 1. Finite element model of the mandible and cross-section view by
the incisor tooth with arrangement of tissues in alveolar processes taking
into account periodontal ligament in cortical bone socket. The force of
700 N simulating an impact in XY (occlusal) plane was subsequently ap-
plied centrally (FI), at canine zone (CI) and at the mandibular angle (LI)
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Fig. 2. Statistics (a) and location (b) of poor quality elements (with
quality parameter lower than 0.25)

force was distributed on the relatively large areas, illustrated in
Figure 1, because the study was not addressed to bone split at
the impact-concerned cross-sections of mandible. Fixing the
appropriate components of displacement vector on the condy-



lar surfaces in contact with the temporo-mandibular discs (red
area named “D” in Fig. 1) eliminated the rigid body motion of
the model.

Fracture risk of the mandible was evaluated using two sim-
ple criteria based on the maximal principal stress and maximal
principal strain values, well adapted for quasi-elastic materials
such as cortical bones. The values used in this paper were de-
duced from the work of Ohman et al. [50], Reilly and Burstein
[51], Martin et al. [52] and Currey and Pond [53]. The retained
range of ultimate tensile (ou) stress was 88 < gu < 130 MPa,
whereas this of the ultimate tensile strain (eu) was estimated to
be 0.009 < eu < 0.012.

TABLE 1
Material properties assumed for the tissue linear behavior
Material Young’s modulus, Poisson’s ratio
MPa
Cortical bone 12 000 0.3
Cancellous bone 800 0.3
Dentine 12 000 0.3
Alveolar cortical bone socket 12 000 0.3
Periodontal ligament 50 0.48
3. Results

Figures from 3 to 5 illustrate the obtained results. They
show the color-maps of the maximal principal stress and strain
for three load-cases studied. The legends of these figures were
defined in such manner that the bounds of the red color corre-
spond to the lower and upper bounds of the critical value of the
principal stress or strain.

max

00 04 09
b) 00007 02 06

Fig. 3. Maps of maximal principal stress a) and maximal principal strain
b) in the case of quasi-central blow (FI) to anterior region
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Cortical bone strength has been exceeded in the model
of the mandible in all the analyzed load cases. Zones of the
potential fracture predominantly depend on the direction of the
impact force.

In the case of the quasi-symmetric blow to chin (FI) illus-
trated in Fig. 3, mainly the neck regions of condylar processes
were exposed to fracture due to very intense tension on its upper
side. The strain distribution confirms the potential damage zones.

Blow to canine region (Fig. 4) leads to intense tensile stress
in the necks and also at mesial side. The tensile strain exceeded
in the left neck (impacted side) its critical value as it can be ap-
preciated in the same figure. Moreover, the critical stress were
also surpassed at mesial side of the mandible.

gmaxX1 0-2
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Fig. 4. Maps of (a) maximal principal stress and (b) maximal principal
strain in the case of blow to canine region (CI)

The fracture risk was detected in the mandibular angle due
to tensile stress and elevated strain in the case of lateral blow
(LI) as it can be appreciated in Fig. 5. Critical tensile stress was
exceeded on the lingual surface of the impacted side of mandible.
The condylar process at the blown side was more vulnerable to
fracture. Also, at the non-blown side the level of tensile stress
at the bottom surface of the condylar neck could be considered
as dangerous. Elevated tension in parasymphyseal region was
detected. The principal strain field confirms these observations.

4. Discussion

A number of simplifications are being applied in research
devoted to simulation of mandible biomechanics. Reasons for
this are the high complexity in terms of geometric layouts and
tissues’ behavior but also in terms of muscle activities and



68

b) -0.0007 02 06

Fig. 5. Maps of maximal principal stress (a) and maximal principal strain
(b) in the case of lateral blow to mandibular angle (LI)
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contact interactions generated which depend on the boundary
conditions used. In the presented study the average hypothetical
dimensions of adolescent mandibular bone with minor geo-
metrical simplifications were assumed. Mesh generation with
closely spaced teeth failed or numerous poor quality elements
were produced, which introduce difficulties with interpretation
of obtained stress and strain fields. To avoid this problem sim-
plification related to local anatomical details such as intervals
between teeth were introduced. The intervals broadening can
disturb local mechanical fields in some extent, however difficul-
ties associated with finite element mesh generation and poor ele-
ment quality in the spaces between alveolar processes have been
avoided. This problem is well recognized and special algorithms
of finite element mesh generation dedicated to mandible with
anatomical details of natural dentition are under development
[48]. Teeth separation prevents over-stiffening that can affect
stress pattern in retromolar region [42] because teeth splinting
creates rigid arch. Such artificial “reinforcement” may carry
an excessive part of external load inducing an under-loading
of alveolar processes.

Hence, stiffness of the mandible model used in this work
matches better the actual one when comparing with models where
periodontal ligament is directly connected to cancellous bone.
Consequently, cancellous tissue around tooth is less stressed
during bending and screwing of mandible, because stress is
distributed through stiffer cortical sockets onto the exterior and
interior parts of the mandibular bone.

The in vitro experimental study of Craig et al. [54] enables
the evaluation of the inertia effect during the direct impact of
human mandible at the chin area. In the discussion below the test
on sample “2329” is analyzed. This test was performed under
the following conditions: 2.8 kg mass at drop height of 500 mm.
This drop height corresponds to the initial impact velocity of
VO = 3.13 m/s (VO = 11.25 km/h). The work [54] provides
among others the records of displacements of three markers,
located at the chin and mandible condyles. The peak impact force
of ~2300 N was recorded at time ~0.01 s. The displacements
were recorded for time span going from 0 to 0.02 s every 1 ms.
Knowing the displacement, the velocity and acceleration of the
markers can be calculated. Usual discrete approximations of
first and second derivatives of displacement were used, namely:

U(h+At/2)=W .

and

a(t;)= u(t) = 2u(t;) +u(ti))

(ar)"

The plots of Fig. 6 illustrate the velocity profiles.

During the loading phase (¢ <0.01 s) the chin and condyles
move in similar manner. The velocity of the condyles’ mark-
ers being less than that of the chin, the mandible remained in
compressive state. Also, the velocity of these points becomes
zero at ¢~ 0.01s, the instant for which the impact force becomes
maximal. Obviously at that moment the velocity of impacting
mass is also nil and its acceleration is maximal. The plots of ac-
celerations of the same markers are presented (Fig. 7). During
the loading phase the similar oscillatory behavior of these plots
testifies that the mandible vibrated at a frequency of /=160 Hz.
Similar frequencies were determined by Craig et al. [54]. The
maximal vibration amplitude obtained at # =~ 0.01 s is close to
200 m/s. If we suppose that the mass associated with this mode
of vibration is equal to the total mass of the mandible (exagger-
ated estimation), the involved inertial forces can be evaluated.
Taking this mass equal to 0.2 kg, the inertia force of 40 N is
obtained. This force represents about 1.5% of the peak force
of 2300N recorded during the test. Consequently, the vibration
of the mandible can be neglected in analysis of the risk of bone
fracture corresponding to the load peak. On the other hand, stress
and strain fields can be significantly modulated during the initial
loading phase (¢ < 0.003s and F < 400 N). Indeed, during this
period of loading phase the inertia force represents approximately
10% of the impact force.

It is important to underline that the above evaluation is
valid only for initial impact velocities less than 15 km/h. Simple
evaluation of kinetic energy of the impacting mass suggests that
inertial forces can represent more than 15% of the peak forces
for impact velocities greater than 60 km/h.

The fracture tolerance of the mandible revealed experimen-
tally on forty-five cadaver face impacts [49,55] ranged between
685 and 1779 N. Impact investigations showed relatively higher
values of tolerance forces reaching 2840 N (Yoganandan et al.

@)
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Fig. 6. Profiles of velocity of markers fixed to the chin and condyles of sample 2329 obtained from the records of their displacements taken from

Craig et al. [54]
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Fig. 7. Profiles of acceleration of markers fixed to the chin and condyles of sample 2329 obtained from the records of their displacements taken

from Craig et al. [54]

[56]) and more than 3000 N [54,57]. So, the value of impact
force applied to the mandible in this study corresponded to the
lower fracture tolerance of the mandible. It is important to note
that in all these experimental studies the mechanical interaction
of mandible corresponding to its occlusion state was rarely
controlled. It is easy to understand that fracture modes of man-
dible are strongly depended on contacts of antagonist teeth due
to decrease of possible bending and torsion of whole mandible.
In case of occlusion, a fracture of condylar necks is possible
only during slide of mandible on occluded teeth and condyle
bending. Fixation of occlusion with use of silicone [58] results
in unknown allowable displacements due to silicone resiliency.
On the other hand, in cadaveric study [57], the authors observed

that the mandible could move with respect to maxillary despite
the occlusion force of 200 N. In the finite element study [37]
forces transferred to condyles reached only 60% of the impact
force to chin when the model included dentition, however
mechanics of occlusion state was not clearly described. In our
preliminary study, fracture of stable occluded mandible (rigidly
fixed on teeth) appeared only in loaded regions. To avoid this
phenomenon, occlusion was renounced in the work. Another
factors [59] such as bone and joint irreversible deformation or/
and facial, oral and muscle soft tissue damping might influence
the mandible fracture.

In real situations, occlusal forces appear as reactions on
teeth that are generated due to the muscular activity. Frequently,
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especially in modeling of occlusion load transfer in mandible,
the role of these forces is inverted leading to so called “trans-
posed models”; the reactions are applied as active forces and the
muscular actions are deduced as reactions generated at points
of the muscular attachments [13]. To avid non-physiological
behavior of inactive muscles (compressive state of stress), the
opening muscles are deactivated or omitted. Such “transposed
models” works well during occlusion analysis, however this
approach [42] cannot be used to model an external impact on
mandible. The behavior of muscular system is very difficult
to deduce. Moreover, during blow to disoccluded mandible
the closing muscles (elevators) are weakly activated, because
of disocclusion state. Hence, weak ability of muscles to resist
a blow forces allows neglecting their influence. Also, Lotz and
Hayes [60] report that the load absorption during hip fracture is
mainly related to soft tissue deformation. However, mandible is
coated with a relatively thin soft tissue comparing with the hip,
which is protected by thick layer of soft tissues. Consequently,
damping ability of facial soft tissues was omitted in the model.
As demonstrated in Bonnet et al. [24], the bone anisotropy
plays an important role in stress and strain distribution around
the implants. However, in the case of load by external forces the
global distribution of stresses is only slightly influenced by the
material anisotropy. Consequently, isotropic behavior of all in-
volved tissues was chosen. This simplification allows preventing
complicated identification of the orientation of local orthotropic
material frames, being frequently subject of controversy.
Statistically, as reported in the work [4], most frequent
fractures of mandibles were observed in the condylar region
(about 32%), in the symphyseal-parasymphyseal region (29.3%)
and in the angular region (20%). The zones of highest stresses
and strains in the model coincide with occurrence of these
fractures during accidents. Indeed, tension stresses reached the
highest level in these regions, except for the symphyseal area
under frontal impact. In this region the predicted tension stress
and elongations remained relatively moderate, probably due to
the uniform distribution of blow force on relatively large area.
Perhaps, fractures in this region occur under more concentrated
loads during hit in uneven barriers. The high level of fractures
in the parasymphyseal region was in agreement with high ten-
sion during blow to canine zone. Fracture of tooth and alveolar
processes frequently occurs under direct load on tooth or indirect
load during contact with opposite tooth. The risk of fracture in
dento-alveolar region was not detected, although disocclusion
state had been analyzed. In the coronoid and the dento-alveolar
regions, the obtained stresses were lower, what is in accordance
with only 1.2-1.9% fractures reported by Motamedi [4]. Fol-
lowing the clinical statistics, occurrences of body and ramus
fractures are relatively minor; they correspond respectively to
12.5% and 3.1% of mandibular fractures. The details of clinical
data concerning the identification of blow location are rarely
provided. However, high tension predicted at mesial side can
change location due to adequate placing of blow force. When
the impact was closer to the parasymphyseal region (CI case),
elevated tension was in agreement with frequent fractures [4,61].

The frequent parasymphyseal fractures [4,61] may occur also
from arch bending. This sequence of fractures was not simulated
but it seems logical that primary condyle fracture and subse-
quent loss of support at the impacted side, will decrease tension
at blown region and increase arch bending. Such a scenario is
plausible in view of numerous clinically observed multiple
fracture modes (2, 3 or even 4 breaks). Actually, almost half of
all mandibular fractures are multiple. Besides, the most frequent
among them (24.6%) [61] are angulus—parasymphysis fracture
combinations.

The locations of largest stresses were consistent with the
results reported in study [39]. However, the authors of this paper
assumed very high value of Young’s modulus for cancellous
bone, quoted 7.93 GPa. Also, the periodontal ligament was not
taken into account in their model. The obtained stress values
for various blow cases ranged between 162.7 to 808.2 kg/m?
(1.6-7.9 kPa). The blow force was applied as a pressure of
1.107 Pa. on the area of about 10 mm?. It leads to the blow
force of approximately 1000 N. In our model stress values were
significantly higher and exceeded locally the value of cortical
bone strength. The dependence of strength of cortical bone
tissue on bone content during growth period is under debate
[47,50]. Cortical bone in adolescence is characterized by about
1/3 lower density compared to that of adults. Compression tests
[50] performed on adolescent bone tissue showed also that its
strength is about 33% lower than for adult tissue, although, ul-
timate strain was 25% higher in the child. Tensile critical stress
was simply evaluated in our study since the appropriate data
(for adolescents) was not found in the open literature. The less
stiff bone experiences greater deflection and consequently the
fracture energy of specimen is higher [50,62]. In contrast, in the
work [47] the same range of ultrasound wave celerity and stiff-
ness were found for children’s and elderly adults’ bone. Com-
pressive yield strain occurred [50,63] in the range of 0.9-1.3%
and it can be taken as invariant with respect to tissue mineral
density.

Further studies, on wider group of cases of geometry and
density of mandibular bone, are needed to evaluate an impact or
influence of the patient specific variables [64]. However, such a
study requires medical imaging of a numerous healthy adolescent
mandibles and prevalence of special software that will allow
easy patient specific three-dimensional tissue reconstruction of
alveolar sockets.

Finally, it is important to stress that simulation of impact
in a closed or occlusion state, during which the blow force is
distributed between TMJs and teeth, does not allow predicting
the clinically observed mandible fractures. They are however
well reproduced under the assumption of the mandible disoc-
clusion retained in this work. Relationships between TMIJ’s
reactions and occlusal forces during mastication are relatively
well understood [13,24,65]. Nonetheless, the role of TMJs during
the impact to the mandible is still not clarified. This point and
also the question of TMJ disc damage induced by a blow to the
mandible needs additional works including disc’s tissue regional
elasticity [66].



5. Conclusions

The location of extreme stresses and strains in the mandible
under blow forces, obtained by finite element simulations in
linear elastic and static analysis, is in agreement with the most
frequent clinical fractures associated with standard accidents.
The assumption of disocclusion was necessary to find this agree-
ment. The main conclusion is that smaller force is necessary to
fracture disoccluded mandible than occluded one. This point is
crucial in fracture prevention and forensic investigations. The
strong simplification of interactions in temporo-mandibular
joint needs improvements. However, the reliable material data
concerning TMJ discs are necessary.
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