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Abstract: Titanium dental implants have had new competitors in recent years, such as fixtures made
of zirconia, which promise better aesthetics. The purpose of this study is to evaluate their mechanical
performance in silico (Finite Element Analysis). The investigation was performed on a single tooth
Patent™ Dental Implant (Zircon Medical®, Altendorf, Switzerland) in two configurations: without
offset (Test I) and with offset (Test II, 1.5 mm within the cortical bone). The Patent Implant system
consists of two components: the implant with integrated abutment and the fibreglass post. The
components of the dental implants were tested using a compression load of 400 N along the implant
axis. The results showed that the chewing load generates stress distribution on the bone, therefore,
the offset configuration should be avoided.
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1. Introduction

A dental implant (endosseous implant) is a surgical device used to functionally and
aesthetically rehabilitate the loss or congenital lack of one or more teeth [1]. Dental im-
plants allow oral rehabilitation through direct bone support, a biological process known as
osseointegration, in the mandible and the maxilla. Dental implants can be used to support
single prosthetic crowns or full arches. The most frequently used material is commercially
pure titanium, forming an intimate bond with the bone. Zirconia is a widely used material
in dentistry for the production of dental crowns and bridges. Prosthetic elements made of
zirconia are increasingly manufactured using CAD/CAM technology [2]. In orthopaedics,
zirconia is used for joint components such as in the hip and knee [3]. Dental implants in this
study are entirely made of zirconium oxide and the prosthetic component is a fibreglass
reinforced resin [4].

The finite element analysis (FEA) or finite element method (FEM) is a numerical tech-
nique to seek approximate mechanical features by partial differential equations reducing
the latter to a system of algebraic equations [5]. The main feature of the finite element
method is discretization through the creation of a grid (mesh) composed of primitives
(finite elements) of the coded form (triangles and quadrilaterals for 2D domains, tetrahe-
dra, and hexahedron for 3D domains). The solution of the hypothesis is assumed to be
expressed by the linear combination of functions called basic functions or shape functions.
Sometimes, the function is approximated, so the values that will provide the least error on
the whole solution are considered [6,7]. The aim of this study is to evaluate the distribution
of mechanical forces with the use of a Finite Element Analysis of implant and prosthodontic
components in two offsets (0 mm and 1.5 mm within the cortical bone).
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2. Materials and Methods

The study was performed on a single tooth “Patent™ Dental Implant” in two con-
figurations: without offset (Test I, Figure 1a) and with offset (1.5 mm within the cortical
bone, Test II, Figure 1b). The detailed geometry of the system, (for a gentle concession of
the drawings) the boundary conditions and constraints, the material properties, and the
load conditions were considered [6,8,9].

Load (N)

Conical part at

bone level Conical part
1,5 mm into
Cortical bone, bone
1,5-2mm
Spongeous
bone

(@)

Figure 1. Two depth configurations of the implant conical part within the cortical bone: (a) without
offset (Test I); (b) with 1.5 mm offset (Test II).

The modelling phase of the dental implant was performed using SpaceClaim® 2021
CAD software. The FEA (Finite Element Analysis) was performed in two phases: the finite
element model construction phase and the processing of the results.

The FEA was performed with Ansys Workbench 2021R2® software. A linear static
structural simulation was performed, evaluating the stress-strain relation between bone,
dental implant, and post. A discretization method was assigned to all the elements of the
geometry which consist of tetrahedral elements with a lower limit of 0.5 mm in size for the
implant and 0.3 mm for the bone. A “MultiZone” meshing method was used with a Hexa
mesh and SOLID186 elements, with a minimum size of 0.6 mm.

2.1. Materials

The Patent™ Implant system is “metal free”; the implant is made of zirconia (Z,0,) with
an internal trilobate connection and the fibreglass reinforced resin post (Figures 2 and 3). This
fibre post must be cemented with a dual resin cement.

The osseous portion of the implant has a threaded part and a 2 mm non-threaded part.
The osseous portion has a surface roughness of approximately 7 um, 4-5 times rougher
than other commercially available titanium implants. The transgingival part of the implant
has a machined surface that promotes soft tissue attachment.

The material’s properties, Young’s modulus (Exx, Eyy, E;.), Poisson’s ratio (vxx, Vyy,
Vzz), tangential modulus (Gxx, Gyy, Gzz), and density (p), are referenced in [10-13]. The
zirconia and the fibreglass reinforced resin were considered homogeneous and isotropic
materials, whilst the bone tissues (cortical and cancellous), were considered orthotropic
(Table 1).
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Figure 2. (a) Real configuration of the Patent™ Dental Implant and (b) reconstructed 3D CAD.
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Distance between objects 5,5mm
Minimum distance between objects 5,5008mm
Angle between objects 0° (Parallel)
Face-face offset 5,5mm

Area 12,6844mm?
Perimeter 30,501mm

Figure 3. Dental implant connection detail (a) and fiber post detail (b).

Table 1. Material properties accordingly to the literature [1-4].

Properties Cortical Bone Cancellous Bone Zirconia (Z;03) Fibreglass Reinforced Resin
p (g/cm3) 1.8 1.2
Exx (GPa) 9.6 0.144
Eyy (GPa) 9.6 0.099 205 20
E;. (GPa) 17.8 0.344
Vxx 0.55 0.23
Vyy 0.30 0.11 0.3 0.22
Viz 0.30 0.13
Gxx (GPa) 3.10 0.053
Gyy (GPa) 3.51 0.063 78.846 8.1967

G, (GPa) 3.51 0.045
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2.2. Boundary Conditions

The prosthetic component is a post; this is cemented to the implant and the restoration
is cemented over the post (see the upper part of the implant, Figure 1). The combination of
the very stiff zirconia and the more flexible (Young’s modulus similar to dentine) fibreglass
post gives a very favourable load distribution of the masticatory forces.

The components of the dental implants were evaluated using a compression load of
400 N along the axial load (Y direction) [5]. To properly model the boundary conditions
of the jaw bones, the medial sides (Figure 4) of the bone were fixed, while the buccal and
lingual directions were free.

Ansys

2021 R2

0.000 10,000 (mm) /L‘
I ] y X

5.000

Figure 4. Boundary conditions of the FEA. The compressive force is applied on the post surface (red
surface), and the constraints are applied on the front and rear sides of both cortical and cancellous
bone (z-direction).

The bone-implant contact condition was modelled as a “frictional” contact system,
with a friction coefficient of 0.15 [7] to simulate the osseointegration of the implant, allowing
the transmission of a certain amount of shear stress. The contact between the cortical bone
and the cancellous bone was set as “bonded”. Furthermore, the contact between the post
and the implant was modelled as “bonded” [14,15].

3. Results

An FEA (Finite Element Analysis) is applied to the simulation of the effects of stress
on the implant and its surrounding bone [16,17].

Maximum stress values represent numerical singularities calculated by the software,
they have been obscured (violet colour in the following figures), while minimum calculated
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stresses have been obscured to highlight stresses due to chewing loads (grey colour in the
following figures) (Figure 5).

I . b) | °
7,000 (mm) X 0,000 7,000 (mm) z

Figure 5. Stress distribution on cortical bone: (a) Test I and (b) Test II.

The stress distribution within the cortical bone is lower for Test I compared to Test
II. The interfaces between cortical and cancellous bone were 48% higher in Test II than in
Test I. The offset configuration (Test II) creates peak compressive stress within the cortical
bone and is characterized by a large contact area (the abutment section of the prosthesis)
of Test I. Figure 6 shows the cortical bone stress. Test I shows lower stress on the cortical
and, excluding the purple points (points of singularity), with a homogeneous distribution
in the periodontal area, with a clear decrease in stress along the thickness of the cortical.
In Test II, shown in Figure 6b, stress on a portion of the periodontal area appears with a
non-uniform distribution.

Figure 7 shows the stress distribution on the cancellous bone for Tests I and II. There
is a difference of about 10 MPa on the first thread of the implant for Test I compared to
Test II. At the bottom of the implant, the stress is 40% higher on Test I rather than Test II.
The offset configuration decreases stress on the cancellous bone by compression on the
cortical bone [18-20].

The longitudinal and axial stress paths were also analysed. Figure 8a shows the
chosen axes.

Figure 9 shows the stress calculated for Test I along a horizontal path from the axis of
the implant to the bone. Maximum stress is registered on the implant-bone interface. The
value recorded at 2.5 mm from the bone prosthesis interface is 11% of the stress calculated
on the interface.

Figure 10 shows the stress calculated for Test I along a vertical direction. Maximum
stress appears on the prosthesis-bone interface. The value recorded at 2.5 mm from the
bone prosthesis interface is equivalent to 14% of the stress calculated on the interface.

Figure 11 shows the stress calculated on Test II along a horizontal path. Maximum
stress was registered on the prosthesis-bone interface. It follows an exponential curve with
a negative coefficient. The value measured at 2.5 mm from the bone prosthesis interface is
87% of the stress calculated on the interface.
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Figure 6. Stress distribution of the cortical bone in the isometric view: (a) Test I and (b) Test IL.

Figure 7. Stress distribution on cancellous bone: (a) Test I and (b) Test II.
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Figure 8. Stress path on cancellous bone: §) longitudinal and ( b) axial.

Figure 9. Horizontal stress path (Test I).

Figure 10. Vertical stress path (Test I).
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Figure 11. Horizontal stress path (Test II).

Figure 12 shows the stress calculated on Test Il along a vertical path. Maximum stress
is registered around the prosthesis/bone interface. This follows an exponential curve with
a negative coef cient. The value recorded at 2.5 mm from the bone prosthesis interface is
29% of the stress calculated on the interface.

Figure 12. Vertical stress path (Test II).

4. Discussion

The titanium material, in its commercially pure form (CP4), is chosen for dental im-
plants due to its mechanical strength and high biocompatibility [ 21-25]. Many dental
implants have a textured surface (through milling, anodic oxidation, or various sandblast-
ing methods) to increase their surface area and their potential for osseointegration. Despite
this, titanium has a colour that could cause blemishes if the tissue undergoes resorption or
if they are very thin. However, dental implants in zirconia have a white color.

In the biomechanical eld, the tension distribution is analysed both in biological
structures, to see how much the coupling with an arti cial structure (e.g., prosthesis or
implant) modi es the structural response to external stresses, and in arti cial structures,
to check their resistance capacity. The identi cation of the distribution of tensions in a
structure is important as it highlights which areas are most stressed and at risk of rupture.
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In the case of biological tissues, this includes necrosis, hypertrophy, and atrophy. In the
analysis of the stress state of the biomechanical systems, particular attention was paid to
the jaw cortical bone, as it was one of the most stressed parts, and the tension values in the
areas of interface with the implant were compared, since experience indicates it as being
the most affected by bone resorption. Other studies [ 8] on cancellous and cortical bone
vary, depending on the implant geometry, between 4-13 MPa and 12—29 MPa, with the
same chewing loads adopted in this study and the same values for the bone tissue.

Zirconia endosseous components, which are highly biocompatible and with high
biomechanical performance, are used for the construction of orthopaedic prostheses [26,27].
They also have other favourable factors, such as less plaque formation and better aes-
thetics. However, from the rst studies, it seems that the performance of this material
from the point of view of resistance to disconnection (unscrewing) is lower than those
obtainable with titanium, even if an adequate surface treatment could compensate for this
problem [21,28,29].

Zirconia is affected by a low-temperature degradation process. This is due to a slow
transformation from the metastable tetragonal to the monoclinic phase [30].

The implants under study showed excellent results in the simulation, there was no
risk of fracture, neither of the abutment nor the implant. The simulation in [ 31] also
showed a low-risk fracture connection relationship between the implant xture and the
abutment. Forces on the peri-implant are distributed in both simulations. In Test | with a
supraperiosteal xture, the forces that are discharged are higher [ 32). Forces distributed
unevenly on the peri-implant bone can be linked to peri-implant disease or to the time and
physiological alteration of the jaws [ 33,34]. In summary, the different distribution of forces
could aggravate bone health.

5. Conclusions

According to the data obtained from this study, Test | (zero offset) shows higher stress
on the cancellous bone and lower on the cortical bone. The tested con gurations generated
stress on the bone close to yielding, however, the offset con guration (Test I) has better
results than Test Il to generate lower compressive stress on the cortical bone and higher
stress on the cancellous bone.
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