
Biomechanical properties of the body and
angle of the sheep mandible under bending
loads

The mandible is the largest and strongest bone of the
face, but mandibular fractures are among the most
common facial injuries (1, 2). Two main factors contrib-
ute to the mandible’s high incidence of fracture. First, its
incomplete ring configuration is less rigid than a com-
plete ring, and second, its unique location makes it
susceptible to inferior as well as lateral forces (3, 4).
Studies have shown varying frequencies of mandibular
fracture by location, but body and angle of the mandible
are generally the most common fracture sites (5, 6).
Mandibular fractures are commonly caused by many
human activities, motor vehicle accidents, assaults,
sports, falls and other causes (7, 8) and can have long-
term bad consequences on patient’s quality of life, both
functionally and aesthetically. Therefore, it is important
to know the biomechanical behaviour of the human
mandible in various situations to understand the mech-
anism of fractures.

Bone strength and fracture resistance are determined
by bone mineral density (BMD) and bone structural,
mechanical and geometric properties, collectively termed
bone quality (9, 10).

Direct biomechanical testing of bone provides more
information about mechanical integrity (11). Fractures
occur when the load on a bone exceeds the ability of the
bone to carry that load (12, 13). Bone characteristics
under load in vitro depend on type, rate and direction of

load applied on the whole bone (14, 15). The biome-
chanical behaviour of the mandible under impact loads
has been examined in a few studies. It was found that the
mandibular regions have different biomechanical behav-
iour depending on the direction of load (16) and that
some of them are weaker than others (16, 17).

The sheep mandible has been used for experimental
studies mainly because of the similarities in format, size
and structure to the human mandible (18). The purpose
of this study is to compare the body and angle of the
sheep mandible in terms of BMD and biomechanical
competence under bending loads.

Materials and methods

Nineteen fresh mandibles obtained from domestic sheep
(ovis aries) approximately 2 year old and average body
weight of 40 (SD ± 5) kg from the same local abattoir
were used in this study. The mandibles were cleared of all
soft tissues and were separated at the symphysis into two
halves. BMD measurements were performed in the body
and angle of the mandible with a Hologic QDR-4500
scanner (Hologic, Waltham, MA, USA) (in the Depart-
ment of Nuclear Medicine, Faculty of Medicine, Istanbul
University) underneath a soft-tissue phantom solution of
sodium chloride. Each hemi-mandible was positioned
with the buccal side up. Analyses of the areas were
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Abstract – Aim: The aim of the study was to compare the body and angle of the
sheep mandible in terms of bone density and biomechanical competence under
bending load conditions. Material and Methods: Nineteen sheep mandibles were
used in this study. The mandibles were separated at the symphysis into two
halves. Three regions of interest on the body and angle of the hemi-mandibles
were selected for measurements of bone mineral density (g cm)2) by dual energy
X-ray absorbtiometry. Biomechanical properties of the left mandibular body
and right mandibular angle were measured by three-point bending test using a
material testing machine. The load and deformation were recorded, and the
load–deformation curves were obtained. The values of failure load (FL), yield
load (YL), yield deformation (YD), postyield deformation (PD), stiffness,
energy to yield point (EY) and energy to failure point (EF) were calculated with
the analysis of load–deformation curves. Groups were compared using
independent samples Student’s t-test. Results: The mandibular angle exhibited
the lower bone density ()64%) and biomechanical properties (FL; )45%,
YL; )40%, PD; )7% stiffness, )40% EY; )48% and EF; )34%) than the
mandibular body under bending loads, and there was no significant difference in
values of YD between the two regions. Conclusion: Our results show that the
mandibular angle is weaker than the mandibular body under bending loads.



carried out with the image of the bone on the screen
using the regions of interest (ROIs). A region of interest
was placed in approximately 10 cm2 area over the
mandibular angle between the distal aspect of the last
molar and the line that passes from mandibular foramen
and is parallel to occlusal plane (ROIA). An approxi-
mately 10 cm2 area between the distal aspect of last
molar and the mesial aspect of the first premolar over the
mandibular body was selected as another region of
interest (ROIB). BMD of the area (2.5 cm2) free of tooth
elements and their roots close to the inferior edge of the
mandible at the bottom of the ROIB were also measured
(ROIC). BMD were recorded in grams per square
centimetre. The shape and size of ROIs were altered
according to the shape of the bone images of each hemi-
mandible. BMD values were calculated with vertebral
software of the Hologic QDR–4500 scanner by a single
operator using standardized procedures.

Following the measurements of BMD, bones were
wrapped in saline-soaked gauze and stored at )20�C in
closed tubes until the day of biomechanical testing. The
bones were slowly thawed to room temperature for
biomechanical testing. The three-point bending test was
performed with a customized material testing machine
(Model YKM50 TRI; Yuksel Kaya Makine, Ankara,
Turkey) containing a force transducer based upon
ASTM Standard D2850 (Fig. 1).

Each hemi-mandible was positioned with the buccal
side up. The body of the left hemi-mandibles was placed
on two lower supports that were 5 cm apart, and the
angle of the right hemi-mandibles was placed in the same
way. For mandibular body, the loading point was
determined as the mid-point of an imaginary vertical
line between premolars and molars. In the mandibular
angle, the loading point was determined as the mid-point
of an imaginary line that runs from gonion of the
mandible to the deepest point of the retromolar fossa.
The force was delivered perpendicularly by cross head at
a constant deformation rate (5 mm min)1) until the
samples were fractured. The bending load and deforma-
tion of bone were recorded continuously. The plots of
load vs deformation were obtained. These plots recorded
both the elastic (linear) and plastic components sepa-
rated by the yield point. The following parameters were

calculated from the analysis of load–deformation curves:
Failure load (FL) (N), yield load (YL) (N), yield
deformation (YD) (mm), postyield deformation
(PD) (mm), stiffness (S) (N mm)1), energy to yield point
(EY) (mJ) and energy to failure point (EF) (mJ).

Frequency tables and statistical analyses were evalu-
ated with spss, v. 16.0 (SPSS Inc. Chicago, IL, USA).
The results were expressed as mean ± SD. Statistical
differences between means of quantitative variables were
analysed using independent samples Student’s t-test. The
Pearson correlation analysis test was used to find the
correlations between the variables in each group. P-value
of <0.05 was regarded as significant.

Results

Bone mineral density and biomechanical measurements
revealed the significant differences between the body and
angle of the sheep mandible. The mean BMD values and
SD of the mandibular regions are shown in Table 1.
There were no significant differences in BMD between
the same regions of the left and right hemi-mandibles.
But significant differences were found between BMD of
the different regions (ROIA, ROIB, ROIC) in both hemi-
mandibles (P < 0.001). The mean BMD of the ROIA
was 64% less than ROIB in both right (P < 0.001) and
left mandibles (P < 0.001). Also, the mean BMD of the
ROIA was 37% and 41% less than ROIC in right
(P < 0.001) and left (P < 0.001) mandibles, respec-
tively.

In Table 2, the mean values of the experimentally
determined biomechanical parameters for two regions of
the mandible and the corresponding SD are shown.

Fig. 1. Three-point bending test.

Table 1. Bone mineral density (BMD) of the regions of interest
(ROIB, ROIA, ROIC)

BMD (g/cm
2
) ROIB ROIA ROIC

Left (n = 19) 0.550 ± 0.06
1,2

0.200 ± 0.04
2,3

0.320 ± 0.04
1,3

Right (n = 19) 0.560 ± 0.07
1,2

0.200 ± 0.05
2,3

0.340 ± 0.05
1,3

Data are mean ± SD.

Diiference from ROIA:
1
P < 0.001.

Diiference from ROIc:
2
P < 0.001.

Diiference from ROIB:
3
P < 0.001.

Table 2. Biomechanical properties of the body (ROIB) and
angle (ROIA) of the hemi-mandible

Body (Left) Angle (Right)

n = 19 n = 19

Yield load (N) 358 ± 54 214 ± 46*

Yield deformation (mm) 2.00 ± 0.32 1.80 ± 0.32
NS

Energy to yield point (mJ) 319 ± 49 166 ± 36*

Stiffness (N mm
)1

) 280 ± 31 168 ± 37*

Failure load (N) 631 ± 77 346 ± 55*

Postyield deformation (mm) 3.92 ± 0.32 3.66 ± 0.45**

Energy to failure point (mJ) 622 ± 51 412 ± 51*

Data are mean ± SD, *P < 0.001, **P < 0.05, NS, not significant.

ROI, regions of interest.
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The FL of the angle was 45% lower than the body
(P < 0.001). At failure point, the mandibular angle had
7% less deformation (P < 0.05) and 34% less absorbed
energy (P < 0.001) than body. These differences
between the biomechanical integrity of mandibular angle
and body at the failure point were similar when
corresponding data were collected at the yield point. At
yield point, mandibular angle had 40% less load
(P < 0.001) and 48% less absorbed energy
(P < 0.001) than body. No significant difference was
found in YD values (Figs 2–4). Stiffness of the mandib-
ular angle was 40% (P < 0.001) lower than mandibular
body (Fig. 5).

Discussion

Bone mineral density and structural biomechanical
properties (FL, YL, YD, PD, S, EY and EF) were
assessed in two anatomically distinct regions of the sheep
mandible. The BMD and biomechanical measurements
revealed the significant differences between the two
regions. Mandibular angle exhibited the lower bone
density and biomechanical properties (FL, YL, PD,
S, EY and EF) compared to the mandibular body. The
sheep mandible was chosen because of similarities in size
and thickness to the human mandible. The use of
cadaver bone appears to be valid for extrapolation to

comparable properties and behaviour of bone in the
living animal, especially with fresh or deep-frozen bone
(19).

Bone mineral density is the major factor for deter-
mining bone strength (20). There were no significant
differences between BMD of the same regions of the
right and left hemi-mandibles, but BMD of the mandib-
ular angle (ROIA) was significantly lower than BMD of
the same and opposite side of the mandibular body
(ROIB). The difference between these regions is the
presence of crowns and roots of premolars and molars
which occupy a large area in the mandibular body. The
lower BMD of the angle (ROIA) may have been caused
by the absense of the mineral content of the teeth, but
BMD of the mandibular angle (ROIA) was also signif-
icantly lower than BMD of the rootless region (ROIC).

Using the three-point bending tests on both angle and
body of the same hemi-mandibles were not appropriate,
because bone microfractures that occur in the first test
could affect the reliability of the second test on the other
region of the same hemi-mandible. Therefore, we
prefered the mandibular body of the left hemi-mandibles
and the mandibular angle of the right hemi-mandibles
for biomechanical tests. The biomechanical definition of
bone fragility includes at least three components:
Strength (FL), ductility (PD) and EF (10). In this study,
the lower FL, PD (higher brittleness) and EF of the

Fig. 2. The yield and failure loads of the mandibular angle and
body. ***P < 0.001.

Fig. 3. The yield and postyield deformations of the mandibular
angle and body. NS: not significant, *P < 0.05.

Fig. 4. Energy to yield point and energy to failure point.
***P < 0.001.

Fig. 5. Stiffness of the mandibular angle and body.
***P < 0.001.

Bending strength of the sheep mandible 181

� 2011 John Wiley & Sons A/S



mandibular angle together with the lower BMD may
show that the mandibular angle is more brittle compared
to the mandibular body and suggest that these regions
were different from each other in terms of extrinsic
biomechanical properties under bending loads.

The amount of PD that occurs in a material before
fracture is a measure of the ductilty of the material (21).
In this study, it suggests from the results of PD measure-
ments that the mandibular body can accommodate
permanent deformation without losing the ability to
resist load, whereas the ability of the mandibular angle to
resist load decreases with permanent deformation.

There were no significant differences between the YD
measurements of the angle and body, but the YL of the
mandibular angle that cause the same level of deforma-
tion was much lower than the mandibular body. The
angle region demonstrated less absorbed energy (EY and
EF) than the body region at both yield and failure point
and majority of energy absorption of the angle has
occurred in the postyield region. Energy absorption
capacity of the mandibular angle (EY) was 40% of total
energy absorption capacity (EF). But this rate was 51%
in the mandibular body. These results demonstrated that
the mandibular angle could absorb less energy without
damaging than the mandibular body. The other biome-
chanical measure, stiffness, is also used to assess
mechanical integrity of bones, but is not a direct measure
of fragility. The bending stiffness is deduced from the
elastic portion of the load–deformation curve and is
known to be a measure of the mineral fraction of the
bone (22, 23). The results from bending stiffness
measurements in the mandibular angle, similarly to
other biomechanical indices, were significantly lower
than those of the mandibular body. These results
suggested that the intrinsic properties of the mandibular
angle may be different from the mandibular body. Other
intrinsic biomechanical properties of these regions are
needed to be explored in future studies.

Similar results were noted in a study that evaluated
the regions of the sheep mandible under two different
(lateral and ventral) impact loading directions: Under
lateral loading conditions, the mandibular angle had
been determined to be the weakest region of the
mandible, and molar and premolar regions were found
more stronger than the angle region (16). In a finite
element study, the mandibular angles and condylar necks
were found to be the weak areas in the mandibular
geometry (17). Our results may be supported by the most
common sites of mandibular fracture in human. The
body (premolar region) and angle of the mandibular
bone are found to be the most common fracture sites
(5, 6, 24). Moreover, it has been suggested that the angle
shows the higher incidence of fracture than the mandib-
ular body (6, 25–27).

Stresses and strains are produced in the mandible as a
result of external loading. Resisting forces, bending and
torsional moments applied to the mandible depend not
only on the nature of the external loading but also on the
material properties and geometrical design of the man-
dible (28).

The cross-sectional geometry of the mandible has
an important bearing on the understanding of its

biomechanics. Knowledge about the amount and distri-
bution of bone tissue can provide insights into the
rigidity of a cross section subjected to a variety of loads.
It was found that the ability of the mandible to resist
stresses and strains greatly depends on the distribution of
cortical bone throughout the mandibular cross section
(29, 30). The cortical index and polar moments vary
slightly in going from the posterior to the anterior region
along the corpus. This implies that the resistance to axial
loads and to shear and torsion hardly differs in the
antero-posterior direction (31). In addition, a contribu-
tion to explain the difference between the two regions
may be also the effects of the presence of the teeth and
periodontal ligament on biomechanical behaviour of the
body. The presence of teeth has a role in the rigidity of
the mandibular body, and the periodontal ligament also
appears to influence the stress-bearing capabilities (32).

Our data should be considered in the context of
limitations: The use of sheep bones may limit the
translation of these results to human mandible, and we
limited our measurements with structural tests that
measure how well the whole bone can bear loads. The
mechanical properties of a structure depend on both its
geometry and the properties of material inside. To
determine the properties of the material, it is necessary
to normalize out the geometric affects. In this study, it
should be noted that the raw data were in terms of load
vs deformation curves, as it was not possible to convert
the force precisely into stress units (Nm)2) as the cross-
sectional area of the material varied. Similarly, EY and
EF (toughness) values were not obtained in the normal
units of Jm)3, but in (milli) Joules.

In conclusion, this study suggests that the angle of the
sheep mandible is weak and brittle when compared to the
mandibular body under bending load conditions. These
results outline the existence of potentially weak areas in
the mandibular geometry but do cannot specifically
address which region is more inclined to fracture without
detailed studies will be carried out in the future. This
research also may provide a useful starting point for
further studies on human mandible.
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