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Abstract: (1) Background: Polyetheretherketone (PEEK) has been used as an alternative to titanium
in implant prosthetic systems, but its impact on stress distribution in implant systems needs to be
investigated. This study aimed to compare the effect of polyetheretherketone (PEEK) and titanium
abutments on implant prosthetic systems and the supporting bone using three-dimensional finite
element analysis (FEA). (2) Methods: Three-dimensional finite element analysis was conducted using
CATIA V5 and Abaqus V6.12 software to model mandibular first-molar implant systems with titanium
and PEEK abutments. Under external loading conditions, finite element analysis was conducted
for the stresses in the implant components and surrounding bones of each group. (3) Results: The
implant fixture of the PEEK model exhibited the highest von Mises stress (VMS). The lowest VMS
was observed in the abutment screw of the titanium model. Both implant systems demonstrated
similar stress distributions and magnitudes in cortical and cancellous bones. (4) Conclusion: PEEK
abutments show a similar stress distribution in the surrounding bone compared to titanium. However,
PEEK absorbs the stresses within the implant system and exhibits the highest VMS values due to
its low mechanical and physical properties. Therefore, PEEK abutments need improved mechanical
properties for better clinical application.
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1. Introduction

Dental implants have been widely used for restoring partially edentulous and edentu-
lous areas since Branemark discovered osseointegration in dental implants. Dental implants
are currently recognized as the optimal treatment option for replacing missing teeth [1].

Thanks to technological advancements, the success rate of implants has steadily im-
proved, yet implant failures still occasionally occur. Factors influencing implant failure
include the following: host-related factors, such as age, sex, systemic diseases, smoking, and
oral hygiene status; site-related factors, such as location within the jaw, bone quality, quan-
tity, and the presence of infection; surgery-related factors, such as initial stability, implant
placement location and orientation, and surgeon skill; implant-related factors, including
macro and microstructure, surface characteristics, length, and diameter; restoration-related
factors, such as prosthesis type and maintenance method (screw or cement type), and
occlusal scheme [2,3].

Finite element analysis (FEA) is a computational modeling technique that allows for
the simulation and analysis of complex structures and materials under various conditions.
It has been widely used in medicine and dentistry for decades to evaluate biomechanical
behavior, predict structural responses, and optimize designs. FEA is particularly valuable
in dental research as it enables detailed visualization of the stress distribution in and around

Biomimetics 2024, 9, 472. https:/ /doi.org/10.3390 /biomimetics9080472

https://www.mdpi.com/journal /biomimetics


https://doi.org/10.3390/biomimetics9080472
https://doi.org/10.3390/biomimetics9080472
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomimetics
https://www.mdpi.com
https://orcid.org/0000-0002-6456-2200
https://orcid.org/0000-0002-0381-3870
https://doi.org/10.3390/biomimetics9080472
https://www.mdpi.com/journal/biomimetics
https://www.mdpi.com/article/10.3390/biomimetics9080472?type=check_update&version=1

Biomimetics 2024, 9, 472

20f11

implants without necessitating invasive procedures. Using FEA, researchers can simulate
various loading conditions, material properties, and geometric configurations to under-
stand the influence of these factors on implant performance and bone-implant interactions.

Among these, excessive stress and improper stress distribution transmitted to the
bone around the implant pose a significant concern for bone resorption, making research
in this area a highly relevant field of interest. Bone resorption around dental implants
can be classified as early bone resorption, occurring shortly after implant placement, and
progressive bone resorption, continuing over time [4].

The causes of early bone resorption after implant surgery include damage to surround-
ing tissues and the supporting bone during surgery or inappropriate forces applied to the
implant during healing [4]. Additionally, progressive bone resorption leading to implant
osseointegration failure is often attributed to excessive external forces post-implantation,
with long-term peri-implantitis contributing as an additional factor [5-9]. Beyond these
factors, several studies suggest that biomechanical issues could also contribute to implant
bone resorption [10]. Biomechanical factors encompass implant surface shape and form,
bone quality, and patient-specific elements such as bone volume. Therefore, various factors,
including load position, direction, external load transmitted to the supporting bone, implant—
bone interface conditions, implant diameter and length, implant thread design, and surface
structure, contribute to the long-term success of implant-supported restorations [11-14].

The choice of abutment material used for implant procedures can influence the stress
distribution in implant systems and the supporting bone [15]. The success of implants in
edentulous areas is determined by implant form, surgical approach, healing time, and the
initial load applied to the bone during the early stages of restoration [16]. Therefore, the
appropriate distribution of biomechanical stresses in the supporting bone is crucial for the
long-term success of implant restorations.

Polyetheretherketone (PEEK) has been introduced as an alternative to titanium abut-
ments. PEEK, first commercially used in 1998 as a thermoplastic polymer with outstanding
properties, offers excellent machinability and esthetics [17]. It has been reported as a material
in orthopedic surgery to replace titanium. PEEK is a thermoplastic material, lighter than
metal materials and more efficiently machinable than robust metal materials. Pure PEEK has
weak mechanical properties; hence, it is often reinforced with glass or carbon fiber to enhance
its mechanical and physical characteristics [17]. Previous studies evaluated stress distribution
during load transmission in reinforced PEEK and compared it to titanium abutments with
30% added carbon fiber [18]. Schwitalla et al. used finite element analysis for abutments
with 60% added carbon fiber [19]. However, adding carbon fiber influenced the color of
PEEK significantly, with increasing carbon fiber content resulting in a darker shade [19].

Engineering analysis is necessary to understand the stress distribution in implant
systems due to the risk of damage to the implant-bone interface based on the degree of
osseointegration. Finite element analysis has been used in medicine and dentistry for
decades [20]. This method allows for the simulation of interactions between implants
and surrounding tissues. Previous research has explored stress distribution based on load
direction and constraints in implant restorations, the impact of abutment material on stress
distribution, and the influence of implant structure on stress distribution [21-23]. However,
there is insufficient research on evaluating the stress distribution in the supporting bone
around implants when using pure PEEK as an abutment material, and its extensive impact
on the structural elements of implant systems lacks thorough investigation. Furthermore,
reinforced PEEK with added carbon fiber lacks esthetics. Therefore, this study aimed to
compare the effect of titanium and PEEK abutments on implant prosthetic systems and the
supporting bone using three-dimensional FEA.

2. Materials and Methods
2.1. Finite Element Model

This study used CATIA V5 software (Dassault Systemes, Vélizy-Villacoublay, France)
to design components of a single-unit implant system mimicking the mandibular first molar
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(e.g., fixture, abutment, abutment screw, superstructure, cortical bone, and cancellous bone).
For the convenience of finite element analysis, teeth adjacent to the mandibular first molar
were excluded.

The implant system design was based on the commercially available MEGAGEN
implant system and a previously conducted study [24]. An implant fixture (Anyone®;
Megagen, Daegu, Republic of Korea) with a diameter of 5 mm and a length of 11.8 mm,
widely used in the mandibular molar region, was used. The abutment (ZrGen Abutment;
MegaGen, Daegu, Republic of Korea) had a cuff of 1.5 mm, a diameter of 4.5 mm, and a
post height of 4.5 mm. The abutment screw was designed with a diameter of 1.8 mm and
a length of 5.1 mm. The overall shape was designed based on a cross-sectional image of
the mandible, creating a model of the mandibular bone block. The overall design of the
mandible was shaped with a height of 29.5 mm, a width of 14 mm, and a thickness ranging
from 1.4 to 3.7 mm, surrounded by cortical bone and separated from the cancellous bone
(Figure 1A). With this model configuration, two implant system models were created, each
incorporating two different abutment materials: PEEK and titanium.

@ ®)

Abutment screw
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-Abutment
- Fixture
-Conical bone
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Figure 1. (A) A cross-sectional view of the three-dimensional finite element models of dental implants

with the internal assembly structure and boundary and loading conditions. (B) External force is
applied in three directions (vertical, angular, and horizontal); 60 nodes are located at 3 points on the
outer inclines of the buccal cusps, and 60 nodes are located at 2 points on the inner inclines of the
lingual cusps.

2.2. Boundary and Loading Conditions

All materials used in this study were assumed to be homogeneous, isotropic, and
linearly elastic. The Poisson’s ratio and elastic modulus of the materials were incorporated
into the 3D model (Table 1) [25,26]. The finite element (FE) model underwent discretization
for division into small elements. A mesh size (mean size 250 pm) was set to minimize
geometric errors. Each node was assumed to be interconnected at individual points. The
analysis model of the single-unit implant system, consisting of approximately 200,000 tetra
10-node elements, was analyzed using a general-purpose analysis program (Abaqus V6.12;
Dassault Systemes, Waltham, MA, USA) by applying loads and boundary conditions.
External loads were applied in vertical and oblique directions to describe occlusal loading.
Three load directions were used to simulate occlusal loading: vertical (0 °) direction, angular
(45 °) direction, and horizontal (90 °) direction. Loads were applied at 5 different loading
points on occlusal surfaces: 60 nodes located at 3 points on the outer inclines of the buccal
cusps, and 60 nodes located at 2 points on the inner inclines of the lingual cusps (Figure 1B).
These loading points resembled contact points during mastication. The magnitude of the
load was 280 N, which simulated normal masticatory force [27]. Maximum equivalent
stresses were evaluated at the abutment, abutment screw, and fixture. Maximum and
minimum principal stresses were evaluated for cortical and cancellous bone.
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Table 1. Mechanical properties of all simulated materials.

Material Young’'s Modulus (MPa) Poisson’s Ratio Reference
Titanium implant 110,000 0.35 [24]
PEEK abutment 4100 0.40 [19]
Titanium abutment 110,000 0.50 [24]
Abutment screw 110,000 0.35 [24]
Zirconia crown 210,000 0.26 [21]
Cortical bone 13,400 0.30 [24]
Cancellous bone 1370 0.31 [24]

3. Results

Figure 2 illustrates the maximum von Mises stress (VMS) values for the abutment,
abutment screw, and fixture under external loading. Under external loading applications,
the fixture of the PEEK-Model exhibited a higher VMS value compared to that of the
Ti-Model. The lowest VMS value was observed in the abutment screw of the Ti-Model.
Furthermore, the Ti-Model showed slightly higher VMS values for the abutment compared
to the PEEK-Model.
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Figure 2. The von Mises stress values for the abutment, screw, and fixture on both models.

Figure 3 presents the VMS transmitted to the cortical and cancellous bone with the
maximum/minimum principal stresses. Overall, in all FE models, the maximum and mini-
mum stress levels were higher in the cortical bone than in the cancellous bone. Additionally,
similar stress concentration points were observed in the Ti-Model and the PEEK-Model.

Figures 4-8 visually present the VMS distribution in the abutment, abutment screw,
fixture, cortical bone, and cancellous bone for both models. Both models showed stress
concentration in the inner aspect of the fixture and the abutment base (Figure 4). The
stress on the abutment screw was highest at the abutment screw body, especially in the
PEEK-Model (Figure 5). The fixture exhibited stress concentration in the adjacent cervical
region, especially in the PEEK-Model (Figure 6). For maximum and minimum principal
stresses, stress concentration points were observed in the adjacent cortical bone (Figure 7)
and the apical region of the cancellous bone (Figure 8).
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Figure 3. The von Mises stress and principal stress values for surrounding bones.
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Figure 4. The von Mises stress distribution in the abutment: (A) Ti-Model; (B) PEEK-Model.
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Figure 5. The von Mises stress distribution in the abutment screw: (A) Ti-Model; (B) PEEK-Model.
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Figure 6. The von Mises stress distribution in the fixture: (A) Ti-Model; (B) PEEK-Model.
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Figure 7. The von Mises stress and principal stress distribution in the cortical bone: (A) Ti-Model;
(B) PEEK-Model.
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Figure 8. The von Mises stress and principal stress distribution in the cancellous bone: (A) Ti-Model;
(B) PEEK-Model.

4. Discussion

This study aimed to compare the stability of implant systems using PEEK abutments
with those using titanium abutments through three-dimensional finite element analysis.
This analysis allowed for a qualitative evaluation of biomechanical behaviors occurring in
the oral cavity based on complex structures and various material variables, enabling an
understanding of stress distribution tendencies [28].

To enhance the reliability of finite element analysis in this study, the materials applied
were homogeneous and isotropic, with material properties assumed to be consistent in
all directions and only two independent variables (elastic modulus and Poisson’s ratio)
defined for simulation. Three-dimensional finite element analysis incorporating ideal
implant designs and surrounding bone can yield successful results. For ideal modeling,
element sizes should be set between 150 and 300 um. Element sizes larger than 300 um
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may produce inaccurate results, while reducing element sizes to less than 150 um may
significantly increase analysis time, reducing efficiency [29]. Therefore, this study used
an average element size of 250 um. The mechanical and physical properties of the FE
model were based on validated data from previous studies. However, despite these efforts,
the detailed aspects of the models and the numerical analysis of biomechanics could not
encompass all biochemical ranges within the oral cavity [22,25,27]. Nonetheless, the results
obtained through finite element analysis could predict the stability and efficacy of implant
systems, aiding in the improvement in new designs and products [26,30].

Minimizing and evenly distributing stress transmitted to the supporting bone from
loaded implant structures are essential for the long-term success of implant systems [27,31].
The experimental conditions of this study were designed to simulate an ideally treated
clinical prosthetic situation. Therefore, this study used external loads in three different load
directions at five points: 60 nodes located at three cusps on the buccal cusps and 60 nodes lo-
cated at two cusps on the lingual cusps. Thus, external loads were appropriately distributed.

The von Mises stress is primarily used to evaluate the yield condition of isotropic and
ductile metals under complex loading conditions, while the principal stress refers to the
maximum and minimum stress values at a specific point in brittle solid materials when
subjected to force [32]. Therefore, in this study, the von Mises stress was measured for
the abutment, abutment screw, and fixture, whereas maximum and minimum principal
stresses were measured for the supporting bone.

In this study, the PEEK abutment material demonstrated similar stress distributions
and magnitudes in the supporting bone compared to the conventional titanium abutment
implant system. However, the stress generated in the fixture of the PEEK-Model was
868.1 MPa, which was 159% higher than that of the Ti-Model. This result corresponds
to a stress level similar to the yield strength of titanium material, which is 880 MPa [33].
Moreover, stress concentration on the abutment screw was also higher in the PEEK-Model
than in the Ti-Model. This interpretation arises from the inherent properties of the PEEK
abutment material, which has a lower modulus of elasticity than titanium, resulting in stress
distribution differences between the two materials during load transmission [23,25,30].
Sarot et al. reported that implant systems using PEEK and CRF-PEEK abutments showed
similar stress distributions in cortical and cancellous bone to those of titanium implant
systems, consistent with our findings [18]. Finite element analysis studies applying PEEK
abutments have shown that titanium abutments exhibit higher maximum equivalent
stresses than PEEK abutments, which aligns with our results [18,19]. While the implant
system with PEEK abutments demonstrated similar stress distributions and magnitudes in
the supporting bone to those of the titanium implant system, the high stress generated in
the fixture suggests a potential loss of supporting bone at the implant boundary.

Therefore, the mechanical properties of PEEK abutments need improvements to match
or slightly exceed those of titanium abutments. Also, there has been no studies reporting
the successful long-term prognosis of implant prosthesis using PEEK abutments. Therefore,
follow-up studies are needed to demonstrate that implant systems with PEEK abutments
are a viable clinical alternative to titanium implant systems.

This study on stress distribution in dental implant systems using PEEK and titanium
abutments has several limitations that need consideration when interpreting the results.
The present study assumes that all materials involved, including the bone and implant
components, are homogeneous, isotropic, and linearly elastic. This assumption simplifies
the complex nature of bone, which is heterogeneous and anisotropic, with properties that
vary depending on location and density. Such simplifications may impact the accuracy of
finite element analysis in predicting stress distribution. Furthermore, the finite element
model used in this study simplifies the anatomical structure of the mandible. By creating
a model based on a cross-sectional image, this study might not fully capture individual
variations in bone density and trabecular patterns seen in actual patients. The exclusion of
adjacent teeth in the model is another limitation, as these teeth can significantly influence
load distribution and stress transfer during occlusal loading. Without considering the
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impact of adjacent teeth, the model may not accurately assess the stress experienced by
the implant system. This study’s loading conditions also present limitations. Although
loads are applied in three directions to simulate occlusal forces, the model does not account
for the dynamic or cyclic nature of real-life mastication. In practice, masticatory forces are
more complex, involving multiple directions and varying magnitudes over time, which
could affect stress distribution and implant stability. Additionally, the focus on single-molar
zirconia prosthetic restorations limits the scope of this study. Since different prosthetic
materials possess varying mechanical properties that can influence stress distribution,
examining a range of materials would offer a more comprehensive understanding of their
effects on implant systems with different abutment materials.

The mechanical properties of PEEK abutments, which result in higher stress in the
fixture compared to titanium, highlight the need for improvements to make PEEK suitable
for clinical applications. However, the present study does not explore the limitations
of current PEEK materials or the potential for developing new materials with enhanced
properties. Moreover, the lack of long-term clinical data is a significant constraint. While
finite element analysis predicts stress distribution, it does not replace the need for clinical
studies to validate these findings and assess the long-term viability of PEEK abutments
in practice.

5. Conclusions

In this study, the stress distribution of the surrounding supporting bone in implant
systems with titanium and PEEK abutments was compared and evaluated using three-
dimensional finite element analysis. The following conclusions were drawn:

1. Due to the low elastic modulus of the PEEK abutment, high VMS values were observed
in the implant fixture.

2. Based on the results of this study, a PEEK abutment requires improved mechanical
and physical properties for clinical application, and its clinical use is limited.

3.  Different abutment materials did not significantly affect the stress distribution and
magnitude in the bone around the implant.

Author Contributions: Conceptualization, M.-H.H. and H.C.; methodology, M.-H.H.; software,
M.-H.H.; validation, H.C.; formal analysis, M.-H.H.; investigation, H.C.; resources, M.-H.H.; data
curation, M.-H.H.; writing—original draft preparation, M.-H.H.; writing—review and editing, H.C.;
visualization, M.-H.H.; supervision, H.C.; project administration, H.C.; funding acquisition, H.C. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by a grant from the Research Institute of Medical Science, Daegu
Catholic University (2023), grant number RD-23-0024.

Institutional Review Board Statement: Not applicable.
Data Availability Statement: The data are included in the article.

Acknowledgments: The authors thank MEGAGEN Implants Co., Ltd. for providing the supporting
samples for this work.

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

References

1.

Velasco-Ortega, E.; Del Rocio Jiménez-Martin, I.; Moreno-Muiioz, ].; Nufiez-Mérquez, E.; Luis Rondén-Romero, J.; Cabanillas-
Balsera, D.; Jiménez-Guerra, A.; Ortiz-Garcia, L; Lopez-Lopez, J.; Monsalve-Guil, L. Long-term treatment outcomes of implant
prostheses in partially and totally edentulous patients. Materials 2022, 15, 4910. [CrossRef] [PubMed]

Raikar, S.; Talukdar, P; Kumari, S.; Panda, S.K.; Oommen, V.M.; Prasad, A. Factors affecting the survival rate of dental implants:
A retrospective study. J. Int. Soc. Prev. Community Dent. 2017, 7, 351-355. [CrossRef] [PubMed]

Wang, F.; Zhang, Z.; Monje, A.; Huang, W.; Wu, Y.; Wang, G. Intermediate long-term clinical performance of dental implants
placed in sites with a previous early implant failure: A retrospective analysis. Clin. Oral. Implant. Res. 2015, 26, 1443-1449.
[CrossRef] [PubMed]


https://doi.org/10.3390/ma15144910
https://www.ncbi.nlm.nih.gov/pubmed/35888378
https://doi.org/10.4103/jispcd.JISPCD_380_17
https://www.ncbi.nlm.nih.gov/pubmed/29387619
https://doi.org/10.1111/clr.12485
https://www.ncbi.nlm.nih.gov/pubmed/25393153

Biomimetics 2024, 9, 472 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Lin, C.P; Shyu, Y.T.; Wu, Y.L;; Tsai, M.H.; Chen, H.S.; Wu, A.Y. Effects of marginal bone loss progression on stress distribution in
different implant-abutment connections and abutment materials: A 3D finite element analysis study. Materials 2022, 15, 5866.
[CrossRef] [PubMed]

Merin, R.L. Repair of peri-implant bone loss after occlusal adjustment: A case report. J. Am. Dent. Assoc. 2014, 145, 1058-1062.
[CrossRef] [PubMed]

Isidor, E. Influence of forces on peri-implant bone. Clin. Oral. Implant. Res. 2006, 17, 8-18. [CrossRef]

Graves, C.V,; Harrel, S.K.; Rossmann, J.A.; Kerns, D.; Gonzalez, ].A.; Kontogiorgos, E.D.; Al-Hashimi, I.; Abraham, C. The role of
occlusion in the dental implant and peri-implant condition: A review. Open Dent. J. 2016, 10, 594-601. [CrossRef] [PubMed]
Bertolini, M.M.; Del Bel Cury, A.A.; Pizzoloto, L.; Acapa, I.R.H.; Shibli, J.A.; Bordin, D. Does traumatic occlusal forces lead to
peri-implant bone loss? A systematic review. Braz. Oral Res. 2019, 33, e069. [CrossRef]

Di Fiore, A.; Montagner, M.; Sivolella, S.; Stellini, E.; Yilmaz, B.; Brunello, G. Peri-implant bone loss and overload: A systematic
review focusing on occlusal analysis through digital and analogic methods. . Clin. Med. 2022, 11, 4812. [CrossRef]

Brunski, ].B.; Puleo, D.A.; Nanci, A. Biomaterials and biomechanics of oral and maxillofacial implants: Current status and future
developments. Int. |. Oral Maxillofac. Implant. 2000, 15, 15-46.

Hsu, Y.T,; Fu, ].H.; Al-Hezaimi, K.; Wang, H.L. Biomechanical implant treatment complications: A systematic review of clinical
studies of implants with at least 1 year of functional loading. Int. J. Oral Maxillofac. Implant. 2012, 27, 894-904.

Chang, C.L.; Chen, C.S.; Yeung, T.C.; Hsu, M.L. Biomechanical effect of a zirconia dental implant-crown system: A three-
dimensional finite element analysis. Int. |. Oral Maxillofac. Implant. 2012, 27, e49-e57.

Graf, T.; Giith, J.F.,; Schweiger, J.; Erdelt, K.J.; Edelhoff, D.; Stimmelmayr, M. Biomechanical behavior of implants with different
diameters in relation to simulated bone loss—An in vitro study. Clin. Oral Investig. 2023, 27, 5887-5894. [CrossRef] [PubMed]
Khaohoen, A.; Sornsuwan, T.; Chaijareenont, P.; Poovarodom, P.; Rungsiyakull, C.; Rungsiyakull, P. Biomaterials and clinical
application of dental implants in relation to bone density—A narrative review. J. Clin. Med. 2023, 12, 6924. [CrossRef] [PubMed]
Hong, M.H. Comparison of stress distribution in bone and implant-supported dental prosthesis with zirconia and titanium
implants: A 3-dimensional finite element analysis. J. Tech. Dent. 2020, 42, 348-354. [CrossRef]

Karthik, K.; Sivakumar Sivaraj Thangaswamy, V. Evaluation of implant success: A review of past and present concepts. J. Pharm.
Bioallied. Sci. 2013, 5, 5117-5119. [CrossRef] [PubMed]

Baqain, Z.H.; Mogbel, W.Y.; Sawair, E.A. Early dental implant failure: Risk factors. Br. J. Oral Maxillofac. Surg. 2012, 50, 239-243.
[CrossRef]

Sarot, J.R.; Contar, CM.M.; Cruz, A.C.C.D.; de Souza Magini, R. Evaluation of the stress distribution in CFR-PEEK dental implants
by the three-dimensional finite element method. ]. Mater. Sci. Mater. Med. 2010, 21, 2079-2085. [CrossRef] [PubMed]

Schwitalla, A.D.; Abou-Emara, M.; Spintig, T.; Lackmann, J.; Miiller, W.D. Finite element analysis of the biomechanical effects of
PEEK dental implants on the peri-implant bone. . Biomech. 2015, 48, 1-7. [CrossRef] [PubMed]

Belser, U.C.; Griitter, L.; Vailati, F.; Bornstein, M.M.; Weber, H.P.; Buser, D. Outcome evaluation of early placed maxillary anterior
single-tooth implants using objective esthetic criteria: A cross-sectional, retrospective study in 45 patients with a 2-to 4-year
follow-up using pink and white esthetic scores. J. Periodontol. 2009, 80, 140-151. [CrossRef]

Houshmand, B.; Ardakani, M.T.; Moscowchi, A.; Oskoui, I.Z. Effect of implant design on stress distribution: A finite element
study. J. Long Term Eff. Med. Implant. 2022, 32, 39-45. [CrossRef] [PubMed]

Kim, E.Y.; Hong, M.H. Influence of zirconia and titanium fixture materials on stress distribution in abutment screws: A three-
dimensional finite element analysis. J. Tech. Dent. 2021, 43, 42-47. [CrossRef]

Pjetursson, B.E.; Zarauz, C.; Strasding, M.; Sailer, I.; Zwahlen, M.; Zembic, A. A systematic review of the influence of the implant-
abutment connection on the clinical outcomes of ceramic and metal implant abutments supporting fixed implant reconstructions.
Clin. Oral Implant. Res. 2018, 29, 160-183. [CrossRef]

Choi, H.; Hong, M.H. Finite element analysis of the effect of tightening torque on the connection stability of a two-piece zirconia
implant system. Adv. Mater. Sci. Eng. 2022, 2022, 1456475. [CrossRef]

Pérez-Pevida, E.; Brizuela-Velasco, A.; Chavarri-Prado, D.; Jiménez-Garrudo, A.; Sanchez-Lasheras, F.; Solaberrieta-Méndez,
E.; Diéguez-Pereira, M.; Fernandez-Gonzalez, F.J.; Dehesa-Ibarra, B.; Monticelli, F. Biomechanical consequences of the elastic
properties of dental implant alloys on the supporting bone: Finite element analysis. Biomed. Res. Int. 2016, 2016, 1850401.
[CrossRef]

Jorn, D.; Kohorst, P.; Besdo, S.; Riicker, M.; Stiesch, M.; Borchers, L. Influence of lubricant on screw preload and stresses in a finite
element model for a dental implant. J. Prosthet. Dent. 2014, 112, 340-348. [CrossRef]

Ha, S.R.; Kim, S.H.; Lee, ].B.; Han, ].S.; Yeo, L.S.; Yoo, S.H.; Kim, H.K. Biomechanical three-dimensional finite element analysis of
monolithic zirconia crown with different cement type. J. Adv. Prosthodont. 2015, 7, 475-483. [CrossRef]

Caglar, A.; Turhan Bal, B.; Karakoca, S.; Aydin, C.; Yilmaz, H.; Sarisoy, $. Three-dimensional finite element analysis of titanium
and yttrium-stabilized zirconium dioxide abutments and implants. Int. . Oral Maxillofac. Implant. 2011, 26, 961-969.

Caglar, A ; Bal, B.T.; Aydin, C.; Yilmaz, H.; Ozkan, S. Evaluation of stresses occurring on three different zirconia dental implants:
Three-dimensional finite element analysis. Int. |. Oral Maxillofac. Implant. 2010, 25, 95-103.

Mohamed, M.; Pisavadia, H.; Westover, L. A finite element model for evaluating the effectiveness of the Advanced System for
Implant Stability Testing (ASIST). J. Biomech. 2021, 124, 110570. [CrossRef]


https://doi.org/10.3390/ma15175866
https://www.ncbi.nlm.nih.gov/pubmed/36079245
https://doi.org/10.14219/jada.2014.65
https://www.ncbi.nlm.nih.gov/pubmed/25270705
https://doi.org/10.1111/j.1600-0501.2006.01360.x
https://doi.org/10.2174/1874210601610010594
https://www.ncbi.nlm.nih.gov/pubmed/27990184
https://doi.org/10.1590/1807-3107bor-2019.vol33.0069
https://doi.org/10.3390/jcm11164812
https://doi.org/10.1007/s00784-023-05199-5
https://www.ncbi.nlm.nih.gov/pubmed/37608240
https://doi.org/10.3390/jcm12216924
https://www.ncbi.nlm.nih.gov/pubmed/37959389
https://doi.org/10.14347/jtd.2020.42.4.348
https://doi.org/10.4103/0975-7406.113310
https://www.ncbi.nlm.nih.gov/pubmed/23946563
https://doi.org/10.1016/j.bjoms.2011.04.074
https://doi.org/10.1007/s10856-010-4084-7
https://www.ncbi.nlm.nih.gov/pubmed/20464460
https://doi.org/10.1016/j.jbiomech.2014.11.017
https://www.ncbi.nlm.nih.gov/pubmed/25435385
https://doi.org/10.1902/jop.2009.080435
https://doi.org/10.1615/JLongTermEffMedImplants.2022042799
https://www.ncbi.nlm.nih.gov/pubmed/36017926
https://doi.org/10.14347/jtd.2021.43.2.42
https://doi.org/10.1111/clr.13362
https://doi.org/10.1155/2022/1456475
https://doi.org/10.1155/2016/1850401
https://doi.org/10.1016/j.prosdent.2013.10.016
https://doi.org/10.4047/jap.2015.7.6.475
https://doi.org/10.1016/j.jbiomech.2021.110570

Biomimetics 2024, 9, 472 11 of 11

31. Verri, ER.; Santiago Junior, J.F.; Almeida, D.A.D.E,; Verri, A.C.G.; de Souza Batista, V.E.; Lemos, C.A.A. Three-dimensional finite
element analysis of anterior single implant-supported prostheses with different bone anchorages. Sci. World . 2015, 2015, 321528.
[CrossRef] [PubMed]

32. Choi, S.M.; Choi, H.; Lee, D.H.; Hong, M.H. Comparative finite element analysis of mandibular posterior single zirconia and
titanium implants: A 3-dimensional finite element analysis. ]. Adv. Prosthodont. 2021, 13, 396—407. [CrossRef] [PubMed]

33. Licausi, M.P; Mufioz, A.I; Borras, V.A.; Espallargas, N. Tribocorrosion mechanisms of Ti6Al4V in artificial saliva by zero-resistance
ammetry (ZRA) technique. J. Bio Tribo Corros. 2015, 1, 8. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1155/2015/321528
https://www.ncbi.nlm.nih.gov/pubmed/26351654
https://doi.org/10.4047/jap.2021.13.6.396
https://www.ncbi.nlm.nih.gov/pubmed/35003555
https://doi.org/10.1007/s40735-015-0008-x

	Introduction 
	Materials and Methods 
	Finite Element Model 
	Boundary and Loading Conditions 

	Results 
	Discussion 
	Conclusions 
	References

