A new approach to evaluate the biomechanical characteristics of osseointegrated dental implants
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Abstract. Tooth loss is a common pathology that affects many people. Dental
osseointegrated implants are the ideal solution to restore normal functionality in
partially or completely edentulous patients. The not perfect osseointegration and
the fixture fracture are the main causes of failure for these kinds of implant. To
avoid these drawbacks, several studies have been conducted to analyse the behaviour of dental implants.
Aim of this work is to analyse the biomechanical behaviour of three different
endosseous dental implants. For this purpose, a new numerical model has been
developed to simulate different levels of osseointegration and to evaluate the
stress values on the bone at different times. In this way, it can be investigated the
possibility of anticipating the use of dental implants that usually is delayed three
months after surgery. Obtained results confirm the validity of the proposed approach and can provide useful guidelines for dentists.
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Introduction

Periodontitis, caries, trauma, developmental defects and genetic disorders represent
the most common causes of tooth loss [1].
Before dental implants were introduced, dentures or bridges were used to treat these
pathologies in edentulous patients. Unfortunately, these solutions did not guarantee
high performances, stability and duration.
Nowadays, dental implants are the ideal solution for lack of dentition, being considered the best alternative to natural teeth [2,3].
It is possible to use dental implants to substitute single or multiple teeth. As a singletooth replacement, an implant is freestanding, not attached to adjacent teeth and, therefore, much easier to maintain. For patients who have lost multiple teeth, dental implants
can provide support for a stable, healthy and aesthetic dentition that is not removable.
Perhaps the most important aspect of implants is that they can restore a high quality of
life and greatly boost a patient's self-esteem.
Based on their structural and functional characteristics, dental implants can be classified as:

2

- endosseous implants: having a pin (fixture) deeply inserted into the bone tissue (also
called “root-form”);
- subperiosteal implants: used when the width and depth of the bone are not such as to
allow the insertion of endosseous pins. They are designed to be inserted on the upper
part of the bone, but always under the gum;
- transosseous implants: with this type of implant, it is possible to treat patients in which
bone atrophy is particularly severe without resorting to invasive surgeries (with staples,
single pivot, and needle).
Today, the root-form is the most frequently used dental implant. These kinds of implants consist of three main components: fixture, abutment and prosthesis (Fig. 1).

Fig. 1. A root-form implant and its main components.

The fixture is a cylinder (or cone)-shaped metal pin that is surgically embedded into
the bone (jaw or mandible). The abutment is placed above the mucosal surface and is
attached to the fixture using a screw. The prosthesis is fixed to the abutment either
through cement or by means of a screw [1].
A good osseointegration, defined as the direct structural and functional connection
between the bone and the implant [4,5], guarantees the implant stability. Two kinds of
stability could be considered in dental implants. Primary stability characterizes the mechanical engagement of the implant just after its insertion, while secondary stability is
the result of (long-term) bone regeneration and remodelling (biological process) around
the inserted implant. Primary and secondary stabilities are closely related [6,7]. Usually, failure of dental implants occurs due to not perfect implant osseointegration or
fixture fracture [5,8-10].
To reduce the number of implant failure, several studies have been conducted to analyse the behaviour of dental implants [11-14]. In this field, the numerical methods are
widely used [15-16] for the investigation of the biomechanical behaviour of bone-implant components and simulating their mechanical interaction [17-24].
Aim of this work is to study the biomechanical behaviour of three different endosseous dental implants and the development of a new parametric numerical model [17,25]
to simulate different levels of osseointegration in order to evaluate the stress distribution on the bone-implant interface at different times, also to evaluate an early use of the
dental implants [26,27].
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CAD modelling

To setup FEM analyses of the dental implants, the 3D models of a mandible and the
three types of analysed fixtures have been created by means of reverse engineering tools
and 3D modelling parametric software.
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2.1

CAD modelling of the fixtures

Three different types of fixture have been studied: a conical-shaped with triangular
thread, a cylindrical-shaped with square thread and a cylindrical-shaped with triangular
thread (Fig. 2). The main dimensions of the fixtures have been obtained from scientific
literature and catalogues. All three types of analysed fixtures have the same maximum
diameter and the same length.

Fig. 2. CAD models of three different fixtures: conical with triangular thread (left), cylindrical
with square thread (centre) and cylindrical with triangular thread (right).

2.2

3D acquisition and CAD modelling of the mandible

The CAD model of a mandible has been created using DICOM images of computerized tomography (CT) scan data. The 3D model has been reconstructed by semi-automatic segmentation procedures using the commercial medical imaging software Mimics. The final 3D solid model of the mandible is shown in figure 3.
To reduce the computational costs of the FEM analyses, it was decided to study only
a limited part of the mandible. For this reason, the 3D model of the bone has been
sectioned in the area where the dental implant is installed (Fig. 3).

Fig. 3. CAD model of the mandible.

The mandibular bone has been subdivided in two main regions: a 2 mm thick (external) part of cortical bone and an internal one made of cancellous bone (Fig. 4). The
separation surface between cortical and cancellous regions has been obtained by imposing an offset to the external surface.
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Fig. 4. CAD model of the analysed portion of the mandible: cortical bone (in grey) and cancellous one (in yellow).

Finally, the assemblies of the CAD models of the bone and the fixtures have been
made following the surgical guidelines typical of dental surgery (Fig. 5). The interfaces
among the different objects have been modelled by boolean operations to make them
perfectly complementary.

Fig. 5. CAD model of a dental implant-bone assembly.
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FEM analyses

FEM analyses have been performed to study the biomechanical behaviour of three
different endosseous dental implants.
Two different forces [17,26] have been applied to the implant: a compression load
of 400 N and a shear load of 150 N distributed on the surface of the upper surface of
the fixture (Fig. 6).

Fig. 6. Applied loads.
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After a convergence analysis, it was chosen to use about 1.000.000 tetrahedral elements to mesh the implant-bone assembly (Fig. 7). To improve the quality of the mesh,
the crests of the cylindrical fixtures with triangular thread have been truncated.
To obtain very accurate results also in critical areas, the mesh of the assembly has
been refined at the screw-bone interfaces and where small curvatures of the geometry
occur.

Fig. 7. Mesh of model.

Two fixed constraints [28] have been applied to the extreme surfaces of the analysed
portion of the mandible. The contact between the bone and the implant has been considered as bonded.
The material used for the fixture is the titanium alloy Ti6Al4V; the bone structure
was considered isotropic (both for cortical and spongy bone) as reported in [29-31].
Table 1 shows the main mechanical properties of the used materials.
Table 1. Mechanical properties of the materials.

Materials
Ti6Al4V
Cortical bone
Cancellous bone

Young modulus
[MPa]
110000
13400
1370

Poisson ratio
0.3
0.3
0.31

Results
Figures 8, 9 and 10 show the Von Mises stress maps on the bone respectively for the
conical fixture with triangular thread and the cylindrical fixtures with square and triangular thread.

6

Fig. 8. Conical fixture with triangular thread: Von Mises stress map.

Fig. 9. Cylindrical fixture with square thread: Von Mises stress map.

Fig. 10. Cylindrical fixture with triangular thread: Von Mises stress map.
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The results of the three FEM simulations show the most stressed parts are the cortical
areas around the screw and the cancellous bone-screw interfaces.
The lowest and highest values of von Mises stress have been calculated respectively
for the cylindrical fixture with square thread and the conical fixture with triangular
thread. In all the cases analysed, the maximum von Mises stresses are lower than the
ultimate tensile stress of the cortical bone (150 MPa).
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New numerical model to simulate different levels of
osseointegration

To evaluate the von Mises stress distributions at different times after the surgery, a
new parametric numerical model [17,25] has been developed. In particular, the solid
model of the bone-implant interface has been suitably subdivided into two different
cylindrical regions (“inner” and “outer”) to which different mechanical characteristics
can be assigned (Fig. 11).

Inner cylinder

Outer cylinder

Fig. 11. FEM model with two cylindrical parts having different mechanical characteristics.

By assigning different and increasing mechanical characteristics (in terms of Young
modulus) to these cylindrical parts, different levels of osseointegration can be simulated. In particular, lower values of the Young modulus can be used to simulate the
initial level of osseointegration, just after the surgery, when the mechanical characteristics at the bone-implant interface are poor. Higher and higher values of the Young
modulus can be used to simulate successive levels of osseointegration, until the complete osseointegration is obtained (about 90 days after the surgery), when good mechanical properties occur because the bone is fully reconstructed. To simulate three
different phases after the surgery, corresponding to the initial, intermediate and final
levels of osseointegration, the mechanical characteristics shown in table 2 have been
assigned to the cylindrical parts and three FEM simulations have been performed using
these values for cortical and cancellous bones.
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Table 2. Mechanical properties of the cylindrical parts at different levels of osseointegation.
Level of osseointegration

Initial (just
after surgery)

Intermediate (after
45 days from surgery)

Inner cylinder - Cortical bone: value of the
Young modulus [MPa]

670 (5% of
the final
value)
68 (5% of
the final
value)
6700 (50%
of the final
value)
685 (50%
of the final
value)

6700 (50% of the final value)

Inner cylinder - Cancellous bone: value of
the Young modulus [MPa]
Outer cylinder - Cortical bone: value of
the Young modulus [MPa]
Outer cylinder - Cancellous bone: value of
the Young modulus [MPa]

Final (after
90 days
from surgery)
13400

685 (50% of the final value)

1370

10720 (80% of the
final value)

13400

1096 (80% of the final value)

1370

The developed numerical model has been tested with the cylindrical fixture with
square thread, for which the lowest stress values were calculated during the previous
numerical simulations.
Results
Figure 12 shows the Von Mises stress map for the first level of osseointegration. In
this case, it has been simulated the effect of the loading just after the surgery. As it can
be noticed, the maximum value of the Von Mises stress is 136 MPa and the most
stressed area is the cortical area.

Fig. 12. Cylindrical fixture with square thread: Von Mises stress map just after the surgery.

Figure 13, instead, shows Von Mises stress map at an intermediate level of osseointegration (about 45 days after surgery). The maximum value of the Von Mises stress is
92 MPa.
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Fig. 13. Cylindrical fixture with square thread: Von Mises stress map 45 days after the surgery.

The obtained results demonstrate that it could be evaluated anticipating the use of
the dental implant. Considering the ultimate tensile strength of the cortical bone is equal
to 150 MPa [5] and that after 45 days from the surgery the maximum von Mises stress
calculated on the cortical bone is about 92 MPa, the dental implant could be used quite
safely.
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Conclusions

In this work the study of the biomechanical behaviour of three different endosseous
dental implants and a new numerical model to simulate different levels of osseointegration have been presented.
The first step of the work was related to the modelling of the mandible and the fixtures of the analysed dental implants. After, the CAD models of the mandible and the
dental implants have been virtually assembled following, step-by-step, the surgical
guidelines.
FEM analyses performed on the three analysed endosseous dental implants have
demonstrated that the best results, in terms of lowest von Mises stress calculated on the
bone, are obtained for the cylindrical fixture with square thread.
The new numerical model to simulate different levels of osseointegration has been
tested on the cylindrical fixture with square thread. The obtained results have demonstrated that it could be possible to evaluate anticipating the use of this kind of dental
implant of 45 days.
The developed FEM models could be used also customizing the values of the mechanical characteristics of the bone depending on the specific patients. The imposed
mechanical characteristics, in fact, could be defined depending of the porosity of the
bone. All that allows giving accurate guidelines for dentists during rehabilitation of
patient, allowing to reduce the time between the surgery and the full use of the implants.
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