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Objectives  The purpose of this study was to compare methods used for calculat-
ing heterogeneous patient-specific bone properties used in finite element analysis 
(FEA), in the field of implant dentistry, with the method based on homogenous bone 
properties. 
Materials and Methods  In this study, three-dimensional (3D) computed tomogra-
phy data of an edentulous patient were processed to create a finite element model, 
and five identical 3D implant models were created and distributed throughout the 
dental arch. Based on the calculation methods used for bone material assignment, 
four groups—groups I to IV—were defined. Groups I to III relied on heterogeneous 
bone property assignment based on different equations, whereas group IV relied on 
homogenous bone properties. Finally, 150 N vertical and 60-degree-inclined forces 
were applied at the top of the implant abutments to calculate the von Mises stress and 
strain. 
Results  Groups I and II presented the highest stress and strain values, respectively. 
Based on the implant location, differences were observed between the stress values 
of group I, II, and III compared with group IV; however, no clear order was noted. 
Accordingly, variable von Mises stress and strain reactions at the bone–implant inter-
face were observed among the heterogeneous bone property groups when compared 
with the homogenous property group results at the same implant positions. 
Conclusion  Although the use of heterogeneous bone properties as material assign-
ments in FEA studies seem promising for patient-specific analysis, the variations 
between their results raise doubts about their reliability. The results were influenced 
by implants’ locations leading to misleading clinical simulations. 
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            Introduction 
 Finite element analysis (FEA) is an efficient computational 
tool that has been used since many years in dentistry (par-
ticularly in implant dentistry) to study different implant 

treatment designs and materials. To validate FEA and enhance 
its clinical implications, validation studies are considered 
supplementary to this technique. Validation can be per-
formed using direct or indirect methods. Direct methods can 
be based on experimental models,   1-3   animal trials,   4,5   human 
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clinical trials,6,7 stress analysis methods,8 or another FEA 
software.9,10 Conversely, indirect methods include the review 
of previous studies that address a similar problem to that 
under investigation.11,12 In a literature review, Chang et al13 
presented a validation level hierarchy based on the evidence 
required to achieve a satisfactory clinical significance. Recent 
FEA studies have devoted significant efforts to achieve inno-
vative models with high simulation characteristics, which are 
able to mimic the clinical environment and thus minimize the 
need for a validation process. Those studies simulated mas-
ticatory muscle traction,14 dynamic masticatory forces,15 and 
nonlinear FEA body contacts.16,17 In addition, the analysis was 
enhanced by using anisotropic bone properties.18,19

Mandibular bone is an example of the complex heteroge-
neous structure of human bones; it is mostly composed of 
cortical and trabecular bone. During the study of biomechan-
ical conditions, particularly in implant dentistry, the mandi-
ble has been treated as homogenous tissue with two material 
properties representing cortical and cancellous bone.20-22 In 
more advanced researches, bone was considered an oblique 
isotropic or even an anisotropic material to which different 
material properties were assigned according to the load direc-
tion in the x, y, and z axes. Although using anisotropic Young’s 
modulus material property is considered relatively accurate, 
extensive computer resources are needed and, more impor-
tantly, the results are not patient specific.19,23 Consequently, 
some researchers adopted patient-specific material assign-
ment. They relied on the correlation between the density 
of the bony tissues and its elastic modulus; moreover, they 
considered the correlation between bone density and the 
patient’s gray scale data from a computed tomography (CT).24-

30 However, it was difficult to confirm whether these correla-
tions were reliable calculation methods. Many techniques 
have been used to measure bone density and elastic modulus 
and thus reveal their correlation, such as mechanical testing,27 
ultrasonic measurement,25 and nanoindentation.24

Advances in computer software facilitate the use of 
Hounsfield unit (HU) data from the patient’s CT images as 
an approach for calculating the density and afterwards the 
elastic modulus of bone.14,31-35 These software products are 
also able to transfer this information to the generated volume 
mesh, which can be then exported to finite element software 
for performing the analysis. MIMICS medical software has 
the unique feature of using customized equations between 
the HU and bone density and also between the bone den-
sity and elastic modulus.24,36,37 Accordingly, the differences 
between assigning heterogeneous and homogenous bone 
properties to tibia bone have been assessed using customized 
equations within FEA and compared with the corresponding 
experimental values of a long control bone.

The current study hypothesized that conventional calcu-
lation methods for creating heterogeneous patient-specific 
mechanical bone properties do not achieve reliable results 
when used in implant dentistry FEA, particularly when 
compared with homogenous material property assignment 
results. Many of these heterogeneous property methods 
depend on different equations according to the calculated 
correlations, which may result in different outcomes and 

significant inaccuracies. After an intensive literature review, 
no articles discussing the reliability of using these material 
property assignment methods for mandibular bone and their 
effects on the overall results were found; accordingly, the 
purpose of the study was to compare methods used for calcu-
lating heterogeneous patient-specific bone properties with 
the method based on homogenous bone properties. To this 
end, the von Mises stress and strain at the peri-implant bone 
tissue were assessed under vertical and inclined loading con-
ditions. In the present study, the influence of different mate-
rial assignments and their reliability within the FE model 
were investigated. A three-dimensional (3D) mandibular 
model was created, from CT data, followed by adding five 3D 
implant models. Afterwards, three different correlation equa-
tions, between CT gray scale, density, and elastic modulus, 
were applied to the FE model to form heterogeneous material 
models. Another FE model based on homogenous material 
was created and compared with the heterogeneous models. 
FEA was performed to calculate von Mises stress and strain 
as postprocessing parameters in both vertical and inclined 
forces scenarios. The results were studied on each implant 
site and interpreted quantitatively referencing the homoge-
nous group and qualitatively by the color-coded maps.

Materials and Methods
After ensuring that the research procedures have been per-
formed in accordance with the Code of Ethics of the World 
Medical Association (Declaration of Helsinki) for experi-
ments involving humans, the research project was approved 
from the scientific research ethical committee at ArRass 
Dental College, Qassim University (local ethical committee, 
No: A-115). CT images of a fully edentulous female patient, 
in the Digital Imaging and Communications in Medicine 
(DICOM) format, were selected from the database of the Oral 
and Maxillofacial Radiology Centre at ArRass Dental College, 
Qassim University. The patient was contacted to get her 
agreement and sign the patient’s consent, keeping human 
subjects’ privacy rights. The CT field of view was targeted at 
the mandibular bone extending to the ascending ramus. The 
DICOM images were imported to the MIMICS medical soft-
ware (version 21; Materialise NV, Leuven, Belgium) to cre-
ate an image mask based on the bone threshold. The mask 
was smoothed, modified, refined, and then converted into a 
3D model of the mandibular bone (►Fig. 1). The 3D model 
was exported to the 3-matic medical software (version 13; 
Materialise NV).

A 4 × 12 mm (diameter × length) 3D model of an implant 
with attached abutment was designed in 3-matic. Then, 
four implant duplicates were created, and the five obtained 
implants were placed at different positions along the man-
dibular bone: one at the symphyseal zone, two at the para-
symphyseal zone, and two at the posterior zone. The surface 
meshes of both the mandibular bone and the implant were 
treated using semiautomatic fixing tools. The surface meshes 
were then remeshed by adaptive remesh and quality preserv-
ing tools to create surface meshes with triangle edge ranging 
from 0.3 to 1.5 mm. Special refinement was performed at the 
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small fine areas, such as implant threads and highly curved 
bony areas, and at the implant–bone intersection areas. A 
nonmanifold assembly was created including all the mod-
els of the study to obtain uniform interfaces throughout the 
mandibular bone and designed implant. Finally, a volume 
mesh with a suitable element size (TET-4) was created. A 
20% growth rate, local volume mesh parameter, was consid-
ered at implants zones for mesh refinement. The mesh qual-
ity was examined for validity to pass the finite element mesh 
criteria of ANSYS software (ANSYS Workbench version 14; 
ANSYS Inc., Canonsburg, Pennsylvania, United States). The 
obtained models and meshes are shown in ►Fig. 2.

The volume mesh was reimported to MIMICS for the 
assignment of different materials. The homogenous implant 
material properties assigned consisted of single values of den-
sity (ρ), Young’s modulus (E), and Poisson’s ratio, regardless 
of the grayscale levels in the CT images. The values of density, 
Young’s modulus, and Poisson’s ratio used were 4.5 g/cm3, 110 
000 MPa, and 0.3, respectively.23 By contrast, the mandibular 

bone material properties were assigned based on the CT 
image grayscale levels, which were used as patient-specific 
heterogeneous material properties. Therefore, four MIMICS 
files were created according to the four studied groups with 
different assigned mandibular bone empirical expressions. 
The groups were established as follows.

Group I
The material properties assigned to this group were based on 
the correlation between the HU and the bone density31:

ρ = 114 + 0.916 × HU, (1)

while the relation between the bone density and Young’s 
modulus was

E = 0.51 × ρ1.37. (2)

Group II
In this group, the relation between the bone density and HU 
was calculated from the following equation29:

ρ = 0.6618 × HU + 9.84, (3)

while three different equations were used to calculate the 
relation between the bone density and Young’s modulus, 
according to the bone density range30 (►Table 1).

Group III
The bone density equation used in this group was based on 
the gray value (GV) rather than on the HU unit. This conver-
sion was done automatically by changing the software setting 
from HU to GV before calculating material data. Accordingly, 
the following equations were employed24:

ρ = − 13.4 + 1017 × GV, (7)

E = − 388.8 + 5925 × ρ. (8)

Group IV
This group represents the conventional group; single values 
of density and Young’s modulus were used for the cortical 
bone and trabecular bone, and the HU value was used to 
distinguish between the former (HU ρ 1,000) and the latter  
(HU > 1,000).38 The matcne were ρ = 1.3 g/cm3 and E = 13,700 
MPa, whereas those for the trabecular bone were ρ = 1.1 g/cm3  
and E = 1,370 MPa.23

The fixed Poisson’s ratio value used for all groups was 0.3. 
All the generated density values below zero were replaced 
with the smallest positive density value from the same group. 
After material property assignment, a color map presenting 
the material properties with their corresponding number of 

Fig. 1 Creation of the three-dimensional (3D) mandibular bone 
model in MIMICS software using the assigned mask.

Fig. 2 (A) Implant and abutment designed and meshed in 3-matic 
software. (B) The bone model was remeshed and refined at the 
implant intersection. (C) Full and (D) cross-sectional views of the vol-
ume mesh for the entire assembly.

Table 1  Relations between bone density and Young’s modulus  
for different bone density ranges29

Bone density (g/cm3) Young’s modulus (MPa)

0 < ρ ≤ 0.27 E = 33 900 × ρ2.20 (4)

0.27 < ρ < 0.6 E = 5307 × ρ + 469 (5)

0.6 ≤ ρ E = 10 200 × ρ2.01 (6)
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assigned elements and values on the 3D model was obtained, 
as seen in ►Fig. 3.

Finally, all models were exported as an ANSYS file and a 
material data file. These files were imported into the finite 
element modeler module of ANSYS, where the material data 
files were added as a command file containing the engineer-
ing data. Two boundary condition scenarios were considered. 
The first one assumed a vertical nodal force of 150 N on the 
top of each abutment, while the second one assumed a 150 N 
force with a 60-degree inclination from the right side as seen 
from the frontal view.23 Constrains were applied on the inner 
and outer surfaces of the ramus to represent the insertion of 
the medial pterygoid and masseter muscles, respectively. All 
contact types were set to “bonded” to prevent node sliding 
at the interface (►Fig. 4). The outcome parameters were the 
von Mises stress and strain at the bone–implant interface of 
each implant for both vertical and inclined force conditions.

Results
von Mises stress and strain values at the bone–implant inter-
face for different implant positions were collected and tab-
ulated, and their color maps were saved to be interpreted. 
These two parameters were considered for assessing the per-
formance of different material assignment calculation meth-
ods based on the grayscale level values and their correlation 
with bone density and Young’s modulus.

von Mises Stress at the Bone–Implant Interface Upon 
Application of a Vertical Force
The change in the generated von Mises stress among the dif-
ferent groups upon vertical force application was affected by 
the implant position (►Table 2). The bone–implant interfaces 
surrounding the first and third implants achieved their highest 
von Mises stress values in group II, followed by group I, then 
by group IV, and finally by group III. In the second implant, 
the highest von Mises stress value was observed in group IV, 
followed by group II, then group I, and finally group III. In 
the fourth implant, group II showed the highest von Mises 

Fig. 3 Color map of correlated elastic modulus and density values on the mandibular model of each group and histograms of the number of 
elements adopting these values.

Fig. 4 Boundary conditions applied to the model, including the 
forces applied on the abutments and the constrains applied on the 
ramus inner and outer surfaces.
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stress value, followed by group III, then by group I, and finally 
by group IV. A different sequence was observed in the fifth 
implant: group II presented the highest von Mises stress value, 
followed by group IV, then by group I, and finally by group III.

In general, upon the application of a vertical force, the von 
Mises stress results achieved their highest von Mises stress 
values in group II for all implants, except for implant 2, in 
which the difference between the highest and second highest 
values was minimal (0.08 MPa). The lowest von Mises stress 
values were recorded in group III, except for implant 4, in 
which the difference between the lowest and second lowest 
values was 0.33 MPa.

The percentage of change, in von Mises stress values, of 
the different groups from group IV (i.e., the group with con-
ventional homogenous material properties) was plotted 
(►Fig.  5). Implant 3 showed the greatest difference among 
groups I to III, whereas implant 2 showed the smallest differ-
ence. Overall, group I was the closest to group IV.

The color maps of the von Mises stress (►Fig.  6) show 
higher values in the two distal implants (implants 1 and 5), 
followed by the midsagittal implant (implant 3). It should 

be noted that stress concentration is mainly observed at the 
marginal bone, particularly on the facial side of the bone–
implant interface.

von Mises Stress at the Bone–Implant Interface Upon 
Application of an Inclined Force
For the case in which an inclined force was applied (►Table 2), 
the highest von Mises stresses generated in the first and third 
implants were observed in group II, followed by group I, then 
by group IV, and finally by group III. In the second implant, the 
highest von Mises stress value was observed in group II, fol-
lowed by group III, then by group IV, and finally by group I. In 
the fourth implant, the highest von Mises stress value was found 
in group II, followed by group IV, then by group III, and finally 
by group I. The fifth implant achieved the highest von Mises 
stress value in group II, followed by group IV, then by group 
I, and finally by group III. It was also noted that the von Mises 
stress generated by applying a 60-degree inclined force was the 
highest in group II for all implants. The lowest von Mises stress 
values were recorded in group III, except for implants 2 and 4, 
whose lowest values were recorded in group I.

Table 2  von Mises stresses at the bone–implant interfaces of the different studied groups upon application of vertical (V) and 
inclined (I) forces (unit: MPa)

Implant 1 Implant 2 Implant 3 Implant 4 Implant 5

V I V I V I V I V I

G I 42.17 41.27 14.05 10.05 24.94 24.72 6.669 9.899 34.81 38.06

G II 53.47 53.27 15.84 12.75 35.78 29.20 7.882 12.76 46.04 41.47

G III 35.03 35.21 11.89 11.41 15.79 22.75 6.956 10.78 31.98 32.91

G IV 38.56 38.22 15.92 10.71 24.12 24.04 6.627 12.56 37.75 40.73

Fig. 5 Percentage of change in the bone–implant interface: von Mises stress of the different groups in comparison with group IV upon the 
application of a (A) vertical or (B) 60-degree-inclined force. Percentage of change in the bone–implant interface: von Mises strain of the dif-
ferent groups in comparison with group IV upon the application of a (C) vertical or (D) 60-degree-inclined force.
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The values of the von Mises stress of the different groups 
were compared with those of group IV (►Fig. 5B); implant 1  
showed the greatest difference between groups, and implant 
4 experienced a drop in its von Mises stress values, particu-
larly for groups I and III. The generated color maps (►Fig. 7) 
show that the highest stress concentration is found on 
implants 1, 3, and 5, with a predominant concentration on 
the marginal bone and a few spots on the lingual side of 
implant 1 and the buccal side of implant 5.

von Mises Strain at the Bone–Implant Interface Upon 
Application of a Vertical Force
The von Mises strain generated in the studied implants pre-
sented its highest value in group I, followed by group II, then 
group IV, and finally group III (►Table  3). The von Mises 
strain values of the different groups were compared with 
those of group IV (►Fig. 5C); implant 3 showed the greatest 
difference among the groups, whereas implant 4 exhibited 
the smallest difference.

The von Mises strain color maps shown in ►Fig. 8 indicate 
that the highest strain values are generated in the distal 
implants (implants 1 and 5), followed by the midsagittal 
implant (implant 3). High strain areas can be seen on the 
marginal bone of the bone–implant interface, particularly on 
the buccal side of the bone.

von Mises Strain at the Bone–Implant Interface Upon 
Application of an Inclined Force
Similar to the strains generated by the applied vertical 
forces, among all implants, group I showed the highest von 
Mises strain values, followed by group II, then group IV, and 
finally group III (►Table  3). In the comparison shown in 
►Fig. 5D, a significant difference is observed for implant 1. 
The color maps of generated von Mises strain shown in ►Fig. 9 
indicate that the highest strain values are located on implants  
1 and 5, followed by implant 3. In addition, high strain areas 
can be clearly seen at the marginal bone of the bone–implant 
interface.

Fig. 7 von Mises stress distribution upon application of a 60-degree 
inclined force on the implants of the studied groups.

Table 3  von Mises strains at the bone–implant interfaces of the different studied groups upon application of vertical (V) and 
inclined (I) forces (values multiplied by 1,000)

Implant 1 Implant 2 Implant 3 Implant 4 Implant 5

V I V I V I V I V I

G I 10.39 10.43 2.58 2.17 7.01 5.90 1.48 2.77 6.18 6.13

G II 7.56 7.65 1.72 1.58 4.73 4.29 1.10 2.28 4.75 4.80

G III 3.45 3.55 0.98 1.04 2.05 1.83 0.63 0.95 2.45 2.31

G IV 5.67 5.73 1.56 1.47 3.78 4.15 0.95 1.81 4.10 3.89

Fig. 6 von Mises stress distribution upon application of a vertical 
force on the implants of the studied groups.
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Discussion
The assignment of heterogeneous properties to bone materi-
als is a promising technique for performing patient-specific 
FEA in implant dentistry. Our study aimed to determine 
whether current calculation methods and correlation equa-
tions are accurate enough to provide reliable results, par-
ticularly in comparison with methods based on ordinary 
homogenous bone properties. Accordingly, three different 
methods for correlating bone grayscale level values with 
bone density and elastic modulus were used for material 
property assignment in the FEA mandibular bone model. 
Further, five implants were distributed along the mandibular 
bone to cover most of the expected implant areas. The bone–
implant interface was the target of the analysis because this 
area presents the most significant effect on the treatment 
outcome.4,17 In addition, both vertical and inclined forces 
were considered for loading the studied implants, based on 
literature values.23

The results of the study showed different bone responses 
to the applied load among groups, as seen in the resultant 
von Mises stress and strain values (►Tables 2 and 3). By con-
sidering those stress values, group II showed the highest 
stresses among all the groups for all implants in both load 
conditions (i.e., vertical and inclined), except for the second 
implant during vertical force application. In group II, three 
different relations between bone density and elastic modu-
lus were used; each of them was used within a certain den-
sity range.29,30 Moreover, the equations for the first and third 

ranges depended on two power functions multiplied by a 
high-value constant. These calculations were represented by 
a wide elastic modulus range and a wide distribution among 
elements, as seen in the corresponding histogram of ►Fig. 3. 
Consequently, group II presented the most heterogeneous 
bone properties among all groups, with an abrupt change in 
the elastic modulus between layers of high and low density. 
These factors may enlarge the stress concentration region at 
the bone–implant interface, which extends from the surface 
to the inner layers of the bone within the length of the virtu-
ally placed implants. In contrast, group III presented an equa-
tion based on a linear function, which generated the lowest 
stress values.

Although the von Mises strain values for all implant 
showed the same intensity ranking results for all groups, 
the opposite was observed for the stress values, particularly 
when they were compared with the corresponding values 
of group IV (homogenous property group). This finding is in 
agreement with a previous study that compared the use of 
homogenous and heterogeneous properties in tibia bone; the 
authors of that work confirmed that the use of homogenous 
bone properties underestimated the resultant modal values.37 
In addition, the stress values seem to be affected by the 
implant position. Furthermore, the two posterior implants 
and midsagittal implant exhibited higher stress values than 
implants 2 and 4. These higher values could be attributed to 
their position in the dental arch, where they form the ante-
rior and posterior boundaries of the arch, while implants 
2 and 4 are protected in-between the other implants. These 

Fig. 8 von Mises strain distribution upon application of a vertical 
force on the studied implants.

Fig. 9 von Mises strain distribution upon application of a 60-degree 
inclined force on the studied implants.
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findings are in accordance with the results of other studies, 
which reported a higher stress on the posterior implants 
than the other implants of full-arch implant-supported 
prostheses.16,23,29

One of the outcomes of this study was the stress con-
centration in the marginal bone at the bone–implant inter-
face; the results obtained match those reported in the 
literature.16,18,20,29,39 Marginal bone stress concentration was 
frequently seen in biomechanical studies in implant den-
tistry and could be associated by stress at the load appli-
cation zones and the marginal edges of the pontic area.22 
This finding was validated clinically by increased bone loss 
recorded in the crestal bone surrounding implant fixtures.39 
The stress may increase on the opposite side of the force 
application zone when an inclined force is exerted, as found 
for implants 1 and 5. This could be due to the lever-like action 
and moment generated when the inclined force is applied, as 
the fulcrum tends to be near the marginal area.

The findings of the present study highlight the lack of 
reliability of the results obtained when heterogeneous 
patient-specific bone properties based on current correla-
tions between HU, density, and elastic modulus are used. 
Consequently, this approach for bone property assignment 
should be used with caution to avoid misleading results. This 
may lead to overestimation or underestimation of the stress 
generated around certain implant as the study relied on using 
the heterogeneous material nature of the bone. Accordingly, 
more studies are required to ensure sound relations between 
the three parameters, GV, density, and elastic modulus of the 
human bones. Most of the current correlations are based on 
either the properties of a compact and cancellous long bone 
or default relations for general human bones. When the val-
ues were tested via a nanoindentation test, not all the man-
dibular bone zones could be verified using the suggested 
empirical expressions.24 Although the use of heterogeneous 
bone property assignment is a promising approach toward 
the validation of FEA, more in-depth studies are needed to 
determine the actual relations between the HU, density, and 
elastic modulus of mandibular bone.

The limitations of this study encompass various implant 
treatment designs and different bone densities as well as 
testing on more patients. More calculation methods, use 
of different contact types between the bone and implant 
surfaces, and the application of dynamic loads are recom-
mended. Unless solid evidence is obtained about the accu-
racy of current correlations with respect to the actual bone 
properties in the mandible and maxilla, FEA results should 
be regarded as potentially misleading.

Conclusion
Within the limitations of the study, the different empirical 
expressions used herein for heterogeneous mechanical bone 
property assignment in FEA produced different stress and 
strain values at the bone–implant interface of the mandibu-
lar bone. Compared with the results of the homogenous bone 
property group, different results were obtained for the same 
implant positions when the heterogeneous mechanical bone 

property approach was used. The variations between their 
results raise doubts about their reliability as the results were 
influenced by implants’ locations leading to misleading clin-
ical simulations.
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