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Abstract. Several surgical techniques like are today available in order to recovery large 
bone defects of the jaw. Aim of the surgeon is to obtain a good tridimensional volume to 
place dental implant and to recovery the patient’s aesthetics and function. Several 
prosthetic solution were considered for prosthetic rehabilitation. However after a bone 
graft surgery Toronto screwed prosthesis on dental implants, following Branemark 
intuitions, was considered the better prosthetic rehabilitation solution. According to 
Wölff, the dental implants osteointegration is related to the strengths directed to 
mandibular bone. Our investigation’s aim is to underline through FEM analysis the 
stress over the prosthetic elements and over bone surface in order to help the surgeon 
choice about the dental implant positioning, and at the same time reducing the bone 
trauma on the patients. 

1 Introduction
Dental implant application can be considered a common therapeutic procedure today. Even if 

there are a lot of different dental implants brand, the literature shows an approximate same survival 
percentage of the main producer industry. On the other hand talking about success of dental implant 
procedure, the only Branemark system is associated to a scientific and predictable long term results 
[1]. The 15 years follow up confirmed the predictable using of this brand of material. Every year 
about 36.000 dental implants are placed and the toronto screwed prosthesis application is rated to 7% 
of overall patients. 

The knowledge on the strength distribution of the mandibular bone and over the dental implants 
should be very important for guarantee stability and osteointegration of the biomaterials. Several 
FEM studies tried to evaluate the real biomechanics indication for dental implant placement. 
Positioning, angulations and implant brand and surface are important parameters related to this kind 
of investigation. This topic is very debated in the literature and all the studies underlined how high is 
the overall investigation for the presence of several conditioning factors [7-12, 16]. 

2 Aim of the work  
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Recently, the first investigation on the evaluation of the strength on the Toronto Osseous-
Prosthesis system, was performed by the close collaboration between the Milano University Oral 
surgery team and Engineer Biomaterial team of the Perugia University. That first evaluation pointed 
out important results, even if the data obtained were relative to the Toronto prosthetic structure. The 
evaluation of the bone model was simplified and the characteristics of the bone tissue were 
considered standard. The study results suggested to perform future research creating a bone model in 
which the elastic features of the tissue were underlined on details by using CT investigation. 

The oral cavity biomechanical analysis of the strength distribution is fundamental to avoid the 
system overloading (components fracture and lost of osseointegration). Engineer investigation of 
dental materials could be useful for a further microscopic data evaluation of the biomaterials.  The 
clinicians should use safe and predictable material and technique avoiding overloading, non-success 
of the treatment and pain of the patients.  

Clinical trials showed how those complications can happen; the risk of the passant screws and 
prosthesis fracture is high [15]. Zarb et Al. documented 13 cases on 21 on a study published on 1990 
and Noert et Al. underlined 6 cases on 99 in an investigation published in 1992. The real common 
problem is that when one screws goes to fracture, the other screws modify their own stability.  

Literature data show how the uncontrolled and unwilling closure of the mouth is repeated almost 
2.000 times daily. If you consider that a dental implant should be maintained in the site for 10 years 
the act of closure will repeat on the implant surface for 7.300.000 times undergoing resistance 
problems.  

Aim of this work is improving the first investigation offering a mandibular bone model divided 
in 14 distinctive areas with marrow and cortical bone. An analyses of each prosthetic structures is 
also well performed. The final goal is to find the correct stress distribution of the mandibular 
strength in order to give to the surgeon further information in the dental implant positioning. 

3 Model and analysis description
SolidWorks® software was used to create a CAD mandible - toronto dental implants model. This 
kind of engineer software is able to perform FEM analysis and CAD model creation at the same 
time. The internal softwares CosmosWork®, Ansys® and Workbench® was then applied for making 
a quality improving of the models. This application was really useful cause the model and the FEM 
was performed inside the same software.  
The creation of the models was performed step by step and the system was created developing  the 
mandible model first, then the dental implant and after the prosthesis.  

3.1 Mandibular bone model

TC brand new is today available in several italian hospitals in order to perform a three-
dimensional x-ray investigation on 64 levels. The three-dimensional reconstruction related to this 
new x-ray machine is really fast and conventional axial images are not more utilized. This new 
technology offers the representation of complex anatomical area like human skull (figure 1a). 

Working on this model by the SolidWorks software, just the edentulous mandible for dental 
implant placement and Toronto prosthesis application was investigated (figure 1b). Following 
literature references [14] about the mandibular bone characteristic, the cortical bone was recreated 
like deep 1,5 mm and the mandibular canal was considered 2 mm. The cortical bone surrounding the 
canal was evaluated 4mm. Mandibular canal was not recreated to leave more easily the FEM 
investigation. Marrowbone and its elastic features were then recreated inside the cortical bone. 
According to other authors [18] the bone was then evaluated by biomechanics principles related to 
the different mandibular area and those parameters were also considered in the creation of the model 
obtaining seven values for the cortical bone and seven values for the marrow bone (figure 2).  Table 
1 shows these values. Cortical bone density was 1.800 kg/m3, whilemarrow bone was 1.200 kg/m3. 
Condyle area was considered not useful for the model and then deleted. Anisotropy bone 
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characteristic is today a topic very debated in the literature, so for this reason the bone FEM was for 
a linear material with isotropic characteristics, even if with different biomechanics areas values 
(table 1). 

 
Fig. 1. (a) model of the skull, (b) model of the mandible, (c) model of cortical bone of the mandible, (d) model 
of marrow bone of the mandible. 

Table 1. Mechanical properties of the seven areas of bone.
N°

area E Cortical Bone [N/m2]
E Marrow Bone 

[N/m2]
� Marrow 

Bone�
� Marrow 

Bone �
area 1 1,68E+10 7,27E+08 0,345 0,345 
area 2 1,68E+10 7,27E+08 0,345 0,345 
area 3 1,93E+10 8,35E+08 0,236 0,236 
area 4 1,93E+10 8,35E+08 0,236 0,236 
area 5 2,40E+10 1,04E+09 0,236 0,236 
area 6 2,40E+10 1,04E+09 0,236 0,236 
area 7 2,40E+10 8,83E+08 0,236 0,236 

 
Fig. 2. The seven different areas of the model bone.

3.2 Screw and dental implants models

Solidworks software was then used for creating the dental implant, starting for some draws 
project giving by a leader producer company. Dental implants material is Titanium grade 4, known 
for its biocompatibility. The dental implants considered for this study are in trade by four years. The 
implant characteristic shows three different components; the fixture, placed into the bone; the 
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abutment, for applying the toronto prosthesis structure, and the passant screw connecting abutment 
and fixture. Firstly FEM investigation was performed just in the fixture. Static trials were made with 
800 N traction and compression strength. 45° 566 N flexion strength was then applied to the 
abutment connected to the screw. The load considered were like the chewing loads according to 
references [15]. Data show how the passant connection screw is the more solicited part. 

3.3 Mandibular Toronto bridge prosthesis model

Several sections simulated the Toronto Prosthesis structure. There are a lot of different Toronto 
Prosthesis model like circular 5 x 5 or L 6 x 4. The model recreated followed a rectangular model 2 x 
2,4 mm according to Hobo and Stewart [15]. 

 

Fig. 3. Evaluation of the thread. 

3.4 “System” description

The final mandibular model was completed by dental implant and prosthesis structure. Geometric 
analysis of each component was then needed to connect the different models. Parallelism, 
concentricity and coincidence were parameters related to Solidworks software. The fixture thread 
was related to the producer company and was not easy to represent by FEM all those characteristic. 
For this reason, the threads were deleted and a cube model created the entire components (Ansys®). 
The cube was made by Titanium grade 4 and over it four different thread version were then created 
following a 3,8 mm diameter and a 8,5mm length (figure 3): 

1.  Thread on fixture and passant screw; 
2.  Thread on passant screw; 
3.  Thread on the fixture; 
4.  No thread. 

The considered threads have particular characteristics: 0,1 x 0,2 mm and step like 0,3 mm for the 
passant screw; 0,1 x 0.2 with 0 25 mm step and 5 degrees angulation for the low area of the fixture; 
0,05 x 0,1mm with 0,12 step for the upper area of the fixture. 

Cube was then soliciting with a 800 N one the abutment with fixed bond. All the tension obtained 
for the titanium cube analyses were similar. Considering a bone cube (figure 7) we obtained the 
same conclusion data even if we have to consider that the maximal strength in the fixture without 
thread was higher of the other cases with the threads (1). The results show how the thread absence 
causes the increasing of the structure rigidity and for this reason the weaker element has to support 
the highest load. From the other hand, the tensions are higher in the model with the threads and this 
is related to the micro connections of the thread steps (1, 4). Other two models show intermediate 
results. In the group with the passant screw without thread, the tensions on the passant screws are 
higher in the fixture thread model then without. While if consider the model through the fixture 
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threads the ratio is opposite. This is because the contact between bone and fixture is higher then the 
contact between fixture and passant screw. Summarizing, using a safe model the average strength are 
just more then 13% of the total. 

3.5 Study objective

In order to verify the quality of the FEM analysis model we considered a generic surgical trials 
like sample for our investigation. The surgeon suggested four different implant positions for Toronto 
supporting prosthesis.  

1.  4 dental implants (a) 
2.  6 dental implants (b) 
3.  5 dental implants (c) 
4.  8 dental implants (d) 

It is important to underline how all those models are personal and so not universal. However, by 
surgeon experience, we have to consider the mental nerve position and dental implant placed in the 
between by 3 to 4,3 mm diameter and by 8 to 13 mm length.  The diameter for the dental implant 
placed in the posterior area was consider by 3 to 5,5mm diameter and by 8,5 to 13 mm on length.   

From an engineer point of view the less safe model could be the one with four dental implants. 
The diameter chosen for the model fixture was 3,25 mm  and the length was 8,00 mm. The titanium 
toronto prosthesis structure was made on titanium grade six by a rectangular section 2 x 2,4 mm. The 
bone area was related according to the references and following the figure 2 and then each screw was 
named for the investigation (figure 4).  About the model a1, a2, a3, length was 8 mm while l1 and l2 
was 22,5 mm. This value is different from the literature but as suggested by Rangert (20 mm) the 
model was created to evaluate hard geometry. Cantilever length l1 and l2 was made in order to try to 
consider the patient’s complete dentition. 

A symmetric load was then given to the model. Occlusion was considered and vertical stress of 
50 N was applied to molar and premolar and 200 N on incisors and canine according to Carlsonn 
[15] considering a hard material bite. Figure 5 showed the loads distribution. A 3D FEM was then 
performed along the three principal axes with 10 nodes. The material was evaluated plastic and iper-
elastic with high deflexion. 

 
Fig. 4. The designations for the various parts of the frame (a) and screws (b). 

4 Results
The date recorded for the system were: 

1.  Strength (�) and deformation (�), maxima, minima and average on the cortical bone, on the 
marrow bone and in the 7 different areas. 

2. Strength (�) and deformation (�), maxima, minima and average on the 4 implant and in all the 
components (fixture, abutment and passant screw) 

3. Strength (�) and deformation (�), maxima, minima and average on the Toronto prosthesis 
structure in 5 different areas.  
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The results clearly demonstrated that the loads application have generated tensions safely stress 
on the implants on the passant screws, on the abutments and on the toronto structure. The fatigue 
resistance was clearly demonstrated. 

 
Fig. 5. (a) loads and constraints, (b) mesh, (c) Von Mises stress for the complete system, (d) Von Mises stress 
for cortical bone, (e) Von Mises stress on the marrow bone; (f) Von Mises stress for the fixture, (g) Von Mises 
stress for the screw connection, (h) of Von Mises stress for the loom. 

4.1 Bone analysis

FEM evaluation of the bone showed that cortical bone is more rigid and better support when 
solicited all the strengths. The difference on percentage between the highest values is different on 30 
% between the two bones. The difference on percentage between the values on average is almost 46 
%. Those results are comparable with the one showed by Silvestrini et Al.. The data from the clinical 
trials underlined how if there is a cortical bone contact with the dental implant, the marrow bone is 
not involved in the tensions distribution. The FEM showed how the bone pattern is different if 
analyzed in the different mandibular areas. Human mandibular bone is not homogenous and in some 
area the tensions analyzed can pass the value responsible for bone resorption. If we considered the 
highest tolerable bone value is like 2,8 MPa [15] and that a transmission and stress diffusion can 
reach 5,6 MPa (double), we can consider our system safe because degenerative bone events happen 
at 8,4 MPa (triple) even if the highest singular values of the system are close to 20 times upper the 
limit. Table 2 reports the values and the data related to the cortical and marrowbone. An example is 
in Figure 6, where the average stress on cortical and marrow bone are ploted.  

0,0E+00

2,0E+06

4,0E+06

6,0E+06

8,0E+06

1,0E+07

1,2E+07

1,4E+07

1,6E+07

[M
Pa

]

Cortical Bone 4,8E+06 1,6E+07 4,3E+06 3,8E+06 7,1E+06 1,6E+07 4,4E+06
Marrow Bone 3,0E+06 8,6E+06 1,8E+06 2,8E+06 1,8E+06 3,0E+06 3,0E+06

Area 1 Area 3 Area 5 Area 7 Area 6 Area 4 Area 2

 

Fig. 6. Average stress on Bone. 
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Table 2. Maximum stress, minimum and average on Bone.

�MAX - Von Mises [MPa]� �MIN - Von Mises [MPa]� �AVG - Von Mises [MPa]�

N° area 
Cortical

Bone
Marrow 

Bone
Cortical

Bone
Marrow 

Bone
Cortical

Bone
Marrow 

Bone
area 1 1,9E+08 1,9E+08 1,5E+05 1,8E+04 4,8E+06 3,0E+06 
area 2 3,2E+07 1,9E+08 8,4E+04 1,8E+04 4,4E+06 3,0E+06 
area 3 5,0E+08 3,5E+08 2,5E+05 1,5E+05 1,6E+07 8,6E+06 
area 4 5,0E+08 2,6E+07 2,5E+05 1,5E+05 1,6E+07 3,0E+06 
area 5 4,1E+07 3,4E+07 1,5E+05 4,2E+03 4,3E+06 1,8E+06 
area 6 7,1E+07 3,4E+07 3,4E+05 4,2E+03 7,1E+06 1,8E+06 
area 7 4,0E+07 4,0E+07 1,5E+05 6,0E+04 3,8E+06 2,8E+06 

 

4.2 Prosthetic System

FEM analysis was extended to the all components of the system. That was for evaluating the 
fracture limit of each component. Table 3 and figures 7 clearly showed the data related to the 
prosthetic elements of the system. 

Table 3. Maximum stress, minimum and average of the components of the four screws.

�MAX - Von Mises [MPa]�
N° Screw Fixture Screw Connection Abutment 

1 3,8E+07 3,5E+07 5,8E+07 
2 4,0E+07 2,1E+07 4,0E+07 
3 2,6E+07 1,9E+07 3,7E+07 
4 3,7E+07 2,8E+07 5,1E+07 

�MIN - Von Mises [MPa]�
N° Screw Fixture Screw Connection Abutment 

1 2,6E+05 3,4E+04 1,2E+06 
2 5,0E+05 3,7E+05 4,3E+05 
3 7,3E+05 1,8E+05 4,7E+05 
4 1,7E+05 5,2E+04 5,0E+05 

�AVG - Von Mises [MPa]�
N° Screw Fixture Screw Connection Abutment 

1 6,6E+06 5,0E+06 1,1E+07 
2 6,0E+06 5,0E+06 9,8E+06 
3 6,0E+06 4,9E+06 9,3E+06 
4 5,4E+06 4,9E+06 9,1E+06 
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9,0E+06
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[M
Pa
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Fixture 5,4E+06 6,0E+06 6,0E+06 6,6E+06
Screw Connection 4,9E+06 4,9E+06 5,0E+06 5,0E+06
Abutment 9,1E+06 9,3E+06 9,8E+06 1,1E+07

Screw 4 Screw 3 Screw 2 Screw 1

 

Fig. 7. Average stress on Prosthetic System.

4.3 Structure analyses

All the tensions and deformations of the connection portions (a1, a2, a3) and of the two 
cantilevers (l1, l2) were recorded. Table 4 showed the high, average and minimum stress values; he 
a2 portion is the less solicited. 

Table 4. Maximum stress, minimum and average on Loom.

N° loom �MAX - Von Mises [MPa]� �MIN - Von Mises [MPa]� �AVG - Von Mises [MPa]�
a1 9,2E+07 1,6E+06 1,8E+07 
a2 5,0E+07 1,8E+06 1,6E+07 
a3 7,5E+07 2,2E+06 1,6E+07 
l1 3,0E+07 1,2E+03 2,8E+06 
l2 2,5E+07 1,3E+03 2,5E+06 

5 Conclusions
This study is the result between the close collaboration between the Biomechanics Engineer team 

of Perugia University and the Oral Surgery Department of Milan University. Aim of the work was 
the creation of a model in order to “help” the surgeon in the choice of the dental implant placements 
following the biomechanics rules and the stress distribution over the mandible during the chew. CT 
data was utilized creating a CAD model. The entire component were divided and scanned step by 
step by FEM investigation even if the complexity of the model was related to the absence of 
references and to the new oral surgical topic.  The final data and the well-represented distribution of 
the loads could be predictable and useful by the surgeon. Moreover, the several bone areas analyzed 
give the clinicians the opportunity to choice the better way of dental implants placement to obtain 
the fixture osseointegration and a well load distribution for better long term results.  
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