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Abstract: The use of titanium as a biomaterial for the treatment of dental implants has been successful
and has become the most viable and common option. However, in the last three decades, new
alternatives have emerged, such as polymers that could replace metallic materials. The aim of this
research work is to demonstrate the structural effects caused by the fatigue phenomenon and the
comparison with polymeric materials that may be biomechanically viable by reducing the stress
shielding effect at the bone-implant interface. A numerical simulation was performed using the finite
element method. Variables such as Young’s modulus, Poisson’s coefficient, density, yield strength,
ultimate strength, and the S-N curve were included. Prior to the simulation, a representative digital
model of both a dental implant and the bone was developed. A maximum load of 550 N was applied,
and the analysis was considered linear, homogeneous, and isotropic. The results obtained allowed us
to observe the mechanical behavior of the dental implant by means of displacements and von Mises
forces. They also show the critical areas where the implant tends to fail due to fatigue. Finally, this
type of non-destructive analysis proves to be versatile, avoids experimentation on people and/or
animals, and reduces costs, and the iteration is unlimited in evaluating various structural parameters
(geometry, materials, properties, etc.).
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1. Introduction

In the last 20 years, dental implants have been proven and have become treatments
with a high success rate, achieving effectiveness of more than 90% when replacing one
or several teeth [1,2]. In addition to its long life, restoring function, and recovering oral
aesthetics, modern science has allowed for constant growth, taking advantage of new tech-
nologies that evolved the field of dentistry [3,4]. Despite this, and regardless of preventive
measures, the possibility of having complications and being able to suffer a biological
and/or mechanical failure is not ruled out. A very common biological failure is marginal
bone loss that can be caused due to surgical trauma, excessive occlusal load, microbial
contamination, micro-movements between implant and abutment, etc. [5,6]. On the other
hand, mechanical failures involve fractures due to structural problems in the dental implant
caused by occlusal overload, material fatigue, poor design, and even improper placement
of the dental implant [7-9].
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Titanium and its alloys have been the most widely used and successful materials in
dentistry and orthopedics for many years. When applying a dental implant treatment,
95% of the material of choice is titanium due to the characteristics that favor it such
as the following: good resistance, rigidity, ductility, corrosion resistance, and its high
biocompatibility with the oral environment for excellent osseointegration [10,11]. That
said, methodologies and processes for the development of new biomaterials are of great
importance and vital for a continuous advance in dental applications. Therefore, dental
biomaterials must not only have the ability to withstand the efforts generated by masticatory
forces but must also be as immune as possible to substances that can occur in the mouth, as
well as to ingested food, in order to reduce an adverse biological response (susceptible to
corrosion and ions released) during the life of the dental implant [12-14].

Titanium has proven to be a material with excellent physical and mechanical charac-
teristics to be used in dental implants; however, its high rigidity (110 MPa) compared with
that of bone (3-30 MPa) does not allow for efficiency in the distribution of forces (stress
shielding effect), so the load-induced stimulation between the bone-implant interface
is minimal, resulting in a gradual bone loss [15-17]. Not to mention clinical problems
derived from the use of titanium such as disseminated radiation, surface degeneration,
peri-implantitis, sensitivity, allergies, and reduced image quality in imaging studies (radio-
graphs) that affect the evaluations of pathological conditions, causing poor diagnosis [18,19].
In addition to this, an alternative biomaterial for dental implants that has been studied
in recent decades is polymers due to their characteristics that integrate excellent physical
and mechanical properties, as well as good biocompatibility when applying treatments
or surface coatings [20-22]. Among those that stand out are polyetherectone (PEKK) and
polyetheretherketone (PEEK), which are the best-known of the polyaryleketone (PAEK)
family. PEEK is a biphasic semi-crystalline polymer that emerged in the late 1990s and
boasts excellent biological, mechanical, and physical properties for biomedical applica-
tions [23-26]. PEEK has been studied and used for over fifteen years as a biomaterial to
replace parts of the spine, hip prostheses, and cranial cortices, making it a great alternative
for dental implants. Compared with metals, PEEK is non-corrosive, minimizes metal
allergies, and has a low specific gravity relative to strength [27-30]. In addition to its high
mechanical and chemical resistance, it has a low elastic modulus (3—4 MPa) that, combined
with other materials such as carbon fiber, allows the elastic modulus to be increased to
18 MPa, a value closer to human bone [31,32]. This feature makes it a promising biomaterial
that could reduce the stress shielding effect, which is a very common problem when it
comes to endosseous implants. This effect is caused by an insufficient load distribution
between bone and an implant, causing a decrease in tissue mass and, therefore, bone
resorption. As is the case with Ti, only a part of the load is transferred to the bone and most
falls on the implant. This effect can be corrected either by means of structures with a better
geometric design or new biomaterials with better biomechanical properties that allow them
to increase their useful life [33-35].

Chewing is a complex biomechanical process involving several structures including
bones, muscles, joints, and teeth. This process involves the movement of the jaw when
food is inside the mouth, initiating the chewing cycle [36]. Therefore, dental implants are
subject to a large number of load cycles during their useful life. This causes mechanical
wear of the material (fatigue phenomenon), which decreases its resistance, making it prone
to the initiation of microcracks and resulting in the propagation of this until it reaches
breakage [37,38]. An important aspect of the success or failure of a dental implant is the
way in which the forces caused by masticatory forces are transferred to the surrounding
bone. Therefore, it is important to perform a stress analysis of the bone-implant interface
to understand the impact with respect to the strength of the material and the incidence of
failures, where an overload would cause bone resorption or failure due to implant fatigue,
while insufficient bone loading would cause atrophy due to disuse and, therefore, bone
loss [39-42].
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On the other hand, the use of numerical techniques such as the finite element method
allows for the analysis of a variety of physical phenomena. This technique is based on the
representation of mathematical models that allow for understanding and quantifying the
results obtained under a good interpretation of physical phenomena. This has made the
finite element method a versatile and functional tool to obtain rapid results, which has
recently had an increase in use because of technological development and its application in
various lines of research [43,44]. Such is the case for the medical field, where it is extremely
useful for the study of complex anatomical systems that are often difficult to analyze in vivo
or in vitro. Likewise, biomechanical behaviors that include some stimulation, pathologies,
or trauma can be analyzed [45]. In dentistry, it is very common for the finite element
method to be used to evaluate the distribution of forces at the bone-implant interface,
in prosthetic components, dental wear, etc. [46,47], or, in the case of orthodontics, is it
used to evaluate the mechanical behavior of the periodontal ligament, malocclusions, root
fracture, etc. Broadly speaking, for the study of the mechanics of tooth movement, this
non-invasive analysis technique offers the ease of saving computational resources and time
with unlimited use of iterations, making it efficient and cost-effective [48-50].

The purpose of this research work is to demonstrate that polymeric materials can be
a viable option to replace titanium in dental applications. Because most of this research
presents cases of static analysis involving a single loading condition, a numerical evaluation
is carried out that includes repetitive loads assimilating the function of chewing. In this way,
it is possible to determine the biomechanical behavior that is manifested in the structure of
the dental implant due to the phenomenon of fatigue.

2. Materials and Methods

The development of the numerical analysis was carried out based on the ISO 14801
standard (UNE-ISO 14801:2017), taking as a reference the parameters and conditions that
it describes for an experimental fatigue test in dental implants in unfavorable conditions
such as bone recession. It was decided to carry out this research numerically and not
experimentally because, on the one hand, of the cost and time it takes to characterize the
material and perform the tests. On the other hand, applying computational resources such
as the use of the finite element method (FEM), which is based on algorithmic interpretations
through software such as Ansys (R2 student version 2022), Abacus, SolidWorks (student
version 2022), etc., is effective and maintains an assertiveness of 97%. In addition, there is
already research in the literature on the properties of materials.

2.1. Characteristics of the Dental Implant

The characteristics of the implant were taken based on the anatomy of a lower first
molar, so the dimensions were considered and compared according to catalogs of commer-
cial manufacturers (Straumann (Basel, Switzerland), Avinent (Santpedor, Spain), Nobel
Biocare (Kloten, Switzerland)). Therefore, and according to the proposal, a two-piece dental
implant was selected with an internal conical hexagonal connection joined by a screw. The
dimensions of the dental implant are 14 mm in length and a diameter of 6 mm (Figure 1).
In addition to this, and according to the research literature, the average chewing force of a
human being is 300-450 N, and the maximum that can be reached in healthy conditions is
450-550 N, with bruxism up to 850 N [28,51,52].

2.2. Dental Implant Modeling

The model of the dental implant was developed using the SolidWorks computer
program. For the modeling of the dental implant, designs of commercial manufacturers
were used. In the case of the dental implant body, a conical geometry was chosen (Figure 2a)
because of a better grip; for the abutment, three different designs were chosen, which were
all joined by a prosthetic screw developed by the Swiss company Nobel Biocare (Kloten,
Switzerland), called Snappy abutment, Universal and Esthetic (Figure 2b).
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Figure 1. Dental implant dimensions.
(2) Implant body (b) Abutments
Conical implant Snappy Universal Esthetic

Figure 2. (a) Conical implant. (b) Abutments including Snappy, Universal, and Esthetic.

2.3. Material Properties

Several materials are characterized as being biocompatible with the human body;
however, when it comes to treatments with dental implants, metallic materials predominate,
specifically titanium and its alloys [53]. To this end, two case studies were carried out as
follows: in the first case, titanium with an alpha-beta composition (TigAl;V Grade 5) was
used, and, for the second case, a polymeric material was chosen, which was carbon fiber-
reinforced polyether—ether—ketone (CFR-PEEK) [54,55]. Finally, in both cases, a spherical
member was added in the upper area of the abutment, as marked by the norm simulating
the prosthesis (dental crown), where, for this case, zirconium (ZrO;) was used as the
material. The mechanical properties can be seen in Table 1 [56,57].
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Table 1. Mechanical properties.

. Young'’s Modulus . p . . 3 Yield Strength Ultimate Strength
Material (GPa) Poisson’s Ratio Density (Kg/m>) (MPa) (MPa)
TigAl4V 114 0.36 4430 1100 1170

V4(0)} 210 0.31 6100 2000 900
CFR-PEEK 24 0.38 1400 300 330
x =12.6 Vxy = 0.3
Ey =12.6 vyx =0.3
. E, =194 Vyz = 0.253 _ }
Cortical bone * Gy = 4850 Yoy =0.39 1700
Gy, =5700 Vxz = 0.253
Gy, = 5700 Vzx = 0.39
Ex =1.148 Vxy = 0.055
Ey =270 vyx = 0.01
E, =1.148 Vyz =0.01 B ;
Trabecular bone * Gy = 68 Y,y = 0.055 270
Gy, =68 Vxz = 0.322
Gy, =434 Vzx = 0.055

* These mechanical properties can vary from person to person, so approximate values were considered to be an
apparently healthy person.

2.4. Boundary and Loading Conditions

According to the anatomy of the tooth, the boundary conditions were placed in the
bone zone restricting the six degrees of freedom including displacements in Ux, Uy, and
Uz and rotations in Rx, Ry, and Rz. On the other hand, the loading conditions were placed
in the upper part of the spherical member, and the direction of the load was placed based
on the ISO 14801 standard that mentioned applying the load at an angle of 30° with respect
to the vertical of the implant. For the magnitude, the maximum chewing force of a healthy
person was taken as a reference, which is 550 N (Figure 3) [58,59].

550N

\

Loading

Ux=Uy=Uz=0
Rotx = Roty =Rotz =0

Bone

Figure 3. Boundary conditions and external load.

2.5. Analysis

The models presented above were evaluated by means of the finite element method
using ANSYS Workbench (ANSYS, Inc., San Diego, CA, USA) as a computer program. For
the analysis, a fine discretized with tetrahedral elements and a maximum element size of
0.2 mm was used, giving an average total of 483,607 nodes and 282,633 elements among the
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three different models (Figure 4). The behavior of the dental implant model was considered
linear, homogeneous, and isotropic, although it should be clarified that the behavior of the
cortical and trabecular bone area was considered with orthotropic properties.

Tetrahedral

elements
. Implant:
Cortical and

trabecular bone:

217,149 Nodes

125,879 Elements
266,458 Nodes

156,754 Elements

Figure 4. Discretizing the complete model.

3. Results

The results of the numerical analysis are presented below, mainly highlighting the
global total displacements, unit deformations, stresses by von Mises failure criterion, and
life cycles due to fatigue for each abutment and for both materials. It is worth mentioning
that the results presented in this section are for the most optimal pillar; the results of the
other pillars can be observed in Appendix A (Figures A1-A14). Finally, at the end of this
section, there is a table with all the results obtained (Table 2).

Table 2. Maximum and minimum results obtained for each case study.

- Total Displacement (mm) von Mises Stress (MPa) Fatigue Life (Cycles)
ement Titanium CFR-PEEK Titanium CFR-PEEK Titanium CFR-PEEK
Snappv abutment Max. 0.1108 0.4653 745.71 290.05 1 x 10° 5.73 x 10°
PPy Min. 0 0 0 0 1% 107 1% 107
Uni Lab Max. 0.1156 0.4814 787.1 296.94 1 x 10° 5.10 x 10°
niversal abutment Min. 0 0 0 0 1 x 109 1 x 109
Esthetic ab Max. 0.1161 0.4833 786.53 296.92 1 x 10° 5.10 x 10°
stheticabutment o, 0 0 0 0 1 % 10° 1% 107

3.1. Displacements and Deformations

Based on the characteristics and parameters applied, the biomaterial with the lowest
displacement was titanium, with an average value of 0.1141 mm compared with CFR-
PEEK, which had an average value of 0.4766 mm. On the other hand, the three pillars
showed a displacement with a minimal difference. However, the Snappy pillar showed
better mechanical behavior in both materials (Figures 5 and 6). In addition to the above,
Figures 7 and 8 show the total unit deformation of both biomaterials, which indicates the
area where it is distorted or undergoes a change in geometry derived from the applied load.

3.2. von Mises Stress

In the case of stresses, the biomaterial CFR-PEEK showed the best result with an
average value of 294.63 MPa compared with titanium, which had an average value of
773.11 MPa. Likewise, from the evaluation of the three dental abutments, the best result
was again in the Snappy abutment with a maximum value of 290.05 MPa in CFR-PEEK
and a value of 745.71 MPa in titanium (Figures 8 and 9). In the figures mentioned above,
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Unit: mm
- 0.1108 Max
0.0985
— | 0.0862
1 0.0738
] 0.0615
| 0.0492
| 0.0369

0.0246
l 0.0123

0 Min

Unit: mm
- 0.4653 Max
0.4136
— | 0.3619
— 0.3102
] 0.2585
| 0.2068
| 0.1551

0.1034
l 0.0517

0 Min

a) Unit: mm/mm

- 0.0173 Max

0.0153

— 1 0.0134

1 0.0115

E 0.0096

0.0076

| 0.0057
0.0038

l 0.0019

1.6x1078 Min

you can see the areas where there is a greater concentration of stress both in the implant
and in the bone, and this indicates the most susceptible areas where the material can fail.

A

Figure 6. Total general displacement for the Snappy abutment type (CFR-PEEK).

A

b) Unit: mm/mm

1.2775 Max
1.1355
0.9935
0.8516
0.7097
0.5677
0.4258
0.2838
0.1419
7.2x107® Min

A

Figure 7. Total unit deformation for the Snappy abutment: (a) titanium and (b) CFR-PEEK.
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Unit: MPa
- 745.71 Max
662.85
— | 580
497.14
| 414.28
| 331.43
|| 248.57

165.71
l 82.857

0 Min

Unit: MPa
- 290.05 Max
257.82
225.59
193.36
1 161.14
| 128.91
96.682

64.455
l 32.227

0 Min

,Lx 'Lz

Figure 8. von Mises stress for the Snappy abutment type (TigAl4V).

e@ !Lz

Figure 9. von Mises stress for the Snappy abutment type (CFR-PEEK).

A

3.3. Life Cycles to Fatigue

For the fatigue analysis, the S-N curve, also known as the Wohler curve, was used,
which is a graph that represents the fatigue behavior of a material, where the number
of cycles is on the abscissa axis and stress is on the ordinate axis, both generally on a
logarithmic scale (Figure 10) [60,61]. In addition, two parameters that the authors consider
relevant were taken into account for the results. One is the life cycle, which indicates the
failure of the material due to repeated loads (the useful life of the material). The other is
alternating stress, which is a relationship between the maximum and minimum effort that
acts on the dental implant and works as a metric with respect to the fatigue limit of the
material, so it must be kept in the high-cycle zone to avoid failure.

In this case, again, the Snappy pillar showed a better geometric behavior. In addition,
the titanium biomaterial showed a better mechanical behavior compared with CFR-PEEK,
as expected due to its high rigidity, giving a favorable result corresponding to over one
million load cycles. This can be verified with the alternating stress that resulted in a
maximum value of 372.85 MPa, which is less than the fatigue limit of 468 MPa (Figure 11).
In the case of CFR-PEEK, certain areas did not reach values above one million load cycles, as
it was intended, obtaining a maximum value of 573,780 cycles with a maximum alternating
stress value of 145.57 MPa, which is higher than the fatigue limit of the biomaterial of
132 MPa (Figure 12).
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—&—Titanium —@—CFR-PEEK

1400

1200

a
—
o
(=
(=)

Stress (MPa)
[e.o]
(]
S

600
400 a
200 T o

0

1x100 1x101 1x102 1x103  1x10% 1x10°  1x10®  1x107 1x108  1x10°

Cycles

Figure 10. S-N curve of fatigue behavior of titanium and CFR-PEEK.

Type: (MPa)
Alternating stress
- 372.85 Max
331.49
| 290.12
| 248.75

Type: Life

l 1e9 Max

1e9 min

207.38
166.01
124.65
83.277

Y
| l 41.909
X

0.54027 Min

b

L.«

Figure 11. Life cycles and fatigue alternating stress for the Snappy abutment (TigAl4V).

Type: (MPa)
Alternating stress
- 145.57 Max

Type: Life

1e9 Max
l 4.3638e8

129.44
1.9042¢8 11332
| 8.3096¢7 97201
3.6261¢7 81.08
- 1.5823¢7 — 64.959
| 6.905¢6 | 48.838
T 3.0132¢6 1 32.716 v
131496 I_.x l 16.595 I_.x
5.7378¢5 Min 0.4738 Min

Figure 12. Life cycles and fatigue alternating stress for the Snappy abutment (CFR-PEEK).

Complementing the above results, two graphs are presented where the fatigue be-
havior of both biomaterials can be observed (Figures 13 and 14). This is with respect to
the following two failure criteria: one is by Godman and the other is the fatigue strength
criterion for negative mean stresses. In this sense, as mentioned above, titanium, due to its
high rigidity, proved to be more resistant, although CFR-PEEK showed better mechanical
behavior because of the fact that the value of the alternating stress is lower than that of
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titanium. However, the safety factor is below unity, with a value of 0.90 with respect to the
value of 1.25 of titanium, which clearly indicates that the polymer will fail.

1200 Ca

Sy

Yield stress
Goodman

® vyon Mises stress

S

uc yc o ut O
-1500 -1000 -500 0 500 1000 1500
Figure 13. Graph 0, vs. om of fatigue behavior by Goodman'’s theory for a lifetime of 1 x 10° cycles
of titanium (TigAl4 V).
350 |G, — Yield stress
S Goodman
300 A°Y )
® von Mises stress
Suc Syc 0 Sut Gm
-400 -300 -200 -100 0 100 200 300 400

Figure 14. Graph 0, vs. o of fatigue behavior by Goodman’s theory for a life of 1 x 10° cycles of
polyether—ether-ketone (CFR-PEEK).

4. Discussion

The results obtained from the numerical simulation allow us to observe the biomechan-
ical behavior of a dental implant under the application or presence of external forces, in this
case, masticatory forces. Such is the case of general displacements, where it can be clearly
seen that the maximum movement is in the upper area of the pillar, and derived from
this movement, an elastic deformation occurred. In the case of titanium, this deformation
occurred in the bone where it came into contact with the implant. The opposite was the
case for CFR-PEEK, in which the deformation manifested itself in the implant in the root
thread area. This aspect is related to the stiffness of both biomaterials and indicates, from a
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biomechanical point of view, how the distribution of forces behaves along the structure. In
addition to the above, and taking as a reference the von Mises fault criterion, which shows
the area most susceptible to failure, in the case of titanium, the dental implant would tend
to fail in the thread area of the dental implant body, more specifically, at the root of the
thread, and, in the case of CFR-PEEK, the critical zone would be in the bone. This shows
that with the polymer, there is a decrease in the effect of tension shielding because, being a
biomaterial with a rigidity similar to that of bone, it tends to deform together with bone
and transmit the load to it. In the case of titanium, being a harder material than bone itself,
it prevents the implant from deforming, causing most of the effort to be concentrated on
the implant. In addition, the critical area is at the root of the thread due to the fact that it
is not a rope with acute angles but is rounded, and that causes that area to behave like a
concentrator. Otherwise, it would behave as an intensifier of effort, causing a failure with
less effort.

Consequently, the results obtained from the fatigue assessment indicate the number of
load cycles required for the material to fail. In the case of titanium, based on the results of
von Mises stress, it was compared with two fatigue failure criteria including Goodman'’s
and negative mean stresses. In the graphs presented in the Results Section, it can be clearly
seen that the material fails based on Goodman'’s fatigue failure criteria; however, this is not
relevant to this case since the load cycles of the chewing force acting on the dental implant
are not 100% tension-tension. The opposite situation occurs in the case of the fatigue failure
criteria of negative average stresses, where there is a behavior of the load cycles in the form
of compression—compression on the dental implant, and this is verified with the value of
the alternating stress, which is 372.85 Mpa, which is below the fatigue limit of the material
of 468 MPa, meaning that the dental implant will not fail and will have an “infinite” life
(1 x 10 life cycles). Now, the problem was solved with CFR-PEEK because the results
indicate that based on both criteria of fatigue failure, the material tends to fail. Despite
the fact that the maximum value of the load cycles was 573,780, it is considered within the
range of high-load cycles. It is also important to remember that the parameters considered
represent a bone resection, so it is very likely that in healthy conditions, the dental implant
will not fail due to fatigue. For example, in the work by Ziaie and Mohammad [62], they
present a fatigue analysis where the alternate effort is less than that of this research work;
however, the difference is that the dental implant is placed to the bone by simulating healthy
conditions. In other works, such as those by Hosseini-Faradonbeh et al. [63], De Stefano
et al. [64], and Abdoli et al. [65], when performing experimental evaluations of fatigue tests
in dental implants, it can be clearly observed that the critical failure with loading conditions
occurs in the thread area of the dental implant body, which is the same result obtained
in this work but by numerical evaluation. In addition, it should be noted that the works
mentioned above are evaluations with titanium as a material, so this study complements
the already-known parameters and integrates great future expectations to replace metallic
materials with composite polymeric materials and with treatments that can provide equal
or even better biological, physical, and mechanical conditions. However, although it is
clear that the polymeric material will fail, an important aspect to consider is that it has
viscoelastic properties, which could somehow harm or favor the biomechanical support of
the dental implant. However, for this case study, the authors neglected this property of the
material since the model is considered elastic, linear, and isotropic. However, considering
the results of CFR-PEEK, it would be prudent to perform a nonlinear evaluation. Finally,
this demonstrates the effectiveness and importance of the use and application of numerical
methods for the evaluation of models and/or biomodels, no matter how complex they may
be. This method can even impact various areas of study such as aeronautics, mechanics,
biomedical, biomechanics, etc. By applying this method, experimental evaluation processes
involving animals have been reduced, which optimizes time, money, and materials and
offers assertive results with a high percentage of similarity to reality.
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Unit: mm
0.1156 Max
0.1027
0.0899
0.0770
0.0642
0.0513
0.0385
0.0256
0.0128

0 Min

5. Conclusions

The results obtained from the static analysis under a single loading condition show
the susceptible areas where the material tends to fail, although the magnitude of the values
obtained from both materials never exceeded the yield strength. However, for conditions
of multiple load cycles, CFR-PEEK exceeded the yield strength and fatigue limit, although
it was minimal. In addition, as mentioned above, it would be necessary to carry out a non-
linear analysis on both materials and, in the case of polymers, to observe the elastoplastic
behavior due to its viscous property. In addition to the above, this numerical analysis
showed that stiffness with properties more similar to those of bone does reduce the stress
shielding effect. On the other hand, the designs of the dental abutments proved to be
geometrically optimal because the variation in the results was minimal. For both materials,
it could be safely said that due to static charge, it would not fail. Finally, despite the fact that
CR-PEEK failed because of fatigue, its mechanical behavior and its physical and mechanical
properties make it a promising biomaterial for dental applications, especially in the area
of dental implantology. It is a biomaterial that, in the last 3 years, has had a growth in
research, and the authors have no doubt that in the near future, the first tests will be carried
out in patients.

Author Contributions: Conceptualization, M.M.-M., G.U.-S. and B.R-A.; methodology, M.M.-M.,
G.U.-S., BR-A. and GM.U.-C; validation, M.M.-M., G.U.-S., BR.-A.,, M.A.G.-L., AS.L.-C., ].C.P-P,
JM.-H., EC.-H. and G.M.U.-C.; formal analysis, M.M.-M., G.U.-S,, B.R-A., M.A.G.-L., AS.L-C. and
J.C.P-P; investigation, M.M.-M., G.U.-S., BR.-A. and G.M.U.-C.; resources, MM.-M., G.U.-S., BR-A.,
JM.-H. and F.C.-H.; writing—original draft preparation, M.M.-M., G.U.-S. and B.R-A.; writing—review
and editing, M.M.-M., G.U.-S,, BR-A., M.AG.-L.,, AS.L-C.,J.CP-P,JM.-H., EC.-H. and GM.U.-C.;
visualization, M.M.-M., G.U.-S., BR.-A.,, M.A.G.-L., AS.L.-C., J.C.P-P,JM.-H., EC.-H. and GM.U.-C,;
supervision, M.M.-M., G.U.-S. and B.R.-A; project administration, M.M.-M., G.U.-S., B.R.-A. and
G.M.U.-C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors gratefully acknowledge the Instituto Politécnico Nacional and the
Consejo Nacional de Humanidades Ciencias y Tecnologias for their support of this research.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A
Appendix A.1. Results of Displacements and Unit Deformations

Figure A1. Total general displacement for the Universal abutment type (TigAl4V).
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Figure A4. Total general displacement for the Esthetic abutment type (CFR-PEEK).
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a) Unit: mm/mm b)  Unit: mm/mm
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Figure A5. Total unit deformation for the Universal abutment: (a) titanium and (b) CFR-PEEK.

b) Unit: mm/mm
- 0.2515 Max

a) Unit: mm/mm
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— | 0.0176 | 0.1956
1 0.0151 1 0.1676
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l 0.0025 /I\. l 0.0279 ‘/I\‘
1.7x1078 Min 1.1x1078 Min
Figure A6. Total unit deformation for the Esthetic abutment: (a) titanium and (b) CFR-PEEK.
Appendix A.2. Results of von Mises Stress
Unit: MPa
- 787.1 Max
699.64
— | 612.19
] 524.73
| 437.28
| 349.82
] 262.37
174.91
l 87.455
0 Min

Figure A7. von Mises stress for the Universal abutment type (TigAl4V).
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Unit: MPa
- 786.53 Max
699.14
— | 611.74
I 524.35
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349.57
] 262.18

174.78
l 87.392

0 Min

Figure A8. von Mises stress for the Esthetic abutment type (TigAl4V).

Unit: MPa
- 296.94 Max
263.94
| 230.95
] 197.96
E 164.96
131.97
| 98.979

65.986
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0 Min

Figure A9. von Mises stress for the Universal abutment type (CFR-PEEK).

Unit: MPa
- 296.92 Max
263.93
| 230.93
1 197.94
] 164.95
| 131.96
98.972

65.981
l 32.991

0 Min

L. L.

Figure A10. von Mises stress for the Esthetic abutment type (CFR-PEEK).
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Appendix A.3. Results of Life-to-Fatigue and Alternating Stress

Type: (MPa)
Type: Life Alternating stress
1e9 Max 393.55 Max
l - 349.86
1e9 min ] 306.17
I 262.48
j 218.79
175.1
|| 131.42
87.727
l 44.038
0.3496 Min
Figure A11. Life cycles and fatigue alternating stress for the Universal abutment type (TigAlyV).
Type: (MPa)
Type: Life Alternating stress
1e9 Max 393.26 Max
l 5 349.61
1€9 min 305.96
T 26231
] 218.66
I 175.01
] 131.36
% 87.711 5
L l 44.061 L
= 0.4104 Min -
Figure A12. Life cycles and fatigue alternating stress for the Esthetic abutment type (Tig Al V).
Type: (MPa)
Type: Life Alternating stress
1e9 Max - 148.59 Max
l 4.3075e8 132.14
1.8554e8 | 115.69
| 7.9922e7 I 99.245
[: 3.4426e7 T 82.796
1.4829¢7 | 66.348
|| 6.3876e6 | 49.899
] 2.7514e6 1 38:45
- 1.1852¢e6 I—»X l 17.002
5.1051e5 Min 0.5532 Min

Figure A13. Life cycles and fatigue alternating stress for the Universal abutment type (CFR-PEEK).
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Type: (MPa)

Type: Life Alternating stress

1e9 Max - 148.58 Max

l 4.3077e8 132.11
1.8557e8 — | 115.64

| 7.9937¢7 1 99.174

’— 3.4435¢e7 | 82.706

| 1.4833¢7 ] 66.239

|| 6.3899¢6 | 49.771

] 2.7526¢6 33.303

- 1.1857e6 l 16.836
5.1078e5 Min 0.36802 Min

Figure A14. Life cycles and fatigue alternating stress for the Esthetic abutment type (CFR-PEEK).
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