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Abstract

:

The aim of this study was to evaluate and compare the stress concentration of short dental implants supporting different conical abutments using 3D finite element analysis (3D-FEA). A tridimensional model of single-unit short dental implants (5.2 mm × 5 mm) was designed using the computer-aided design (CAD) software based on the manufacturer’s stereolithography. The short implants were positioned in a bone model to support titanium or ceramic-reinforced PEEK conical abutments considering different bone levels (supra-crestal, crestal or sub-crestal). With the aid of a computer-aided engineering (CAE) software, the finite element model was created and an axial load of 500 N was applied. Observing the mechanical response of the implant, abutment and screw, both evaluated materials resulted in homogeneous stress and could be indicated for implant-supported restorations with short fixtures. However, aiming to decrease the strain in the bone tissue, placing the implant in the sub-crestal position is a preferable option; while the supra-crestal placement decreases the stress at the screw and implant.
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1. Introduction


The fixed rehabilitation of an edentulous area can be achieved using dental implants, which are widely employed nowadays [1]. However, the long-term success of these rehabilitations requires the presence of adequate bone quantity and quality. Therefore, it is crucial to evaluate these factors before the surgery using digital devices and imaging exams [1,2]. In some cases, the edentulous region exhibits poor bone quality and large narrow spaces. Additionally, there may be a reduction in both vertical and horizontal bone volumes due to severe atrophy, increased sinus pneumatization and potential iatrogenic factors associated with the prosthesis [2,3].



In extreme cases like these, the usual options include surgical sinus lift procedures, the use of zygomatic implants or even the use of tilted distal implants to avoid anatomical boundaries and to allow better bone insertion [4,5]. However, these treatments pose clinical challenges and are associated with higher morbidity rates, as well as an increased risk of intra and postoperative complications [1,2,3]. As a result, some authors propose that the utilization of short or ultra-short implants can serve as a minimally invasive alternative for treatment in such situations [3,6].



According to the literature, implants with a length of ≤8 mm are classified as short implants, while those longer than 8 mm are considered standard implants. Ultrashort implants, on the other hand, have a length of less than 6 mm. A literature review reported an overall cumulative success rate of 97.1% for short implants and 95.1% for ultrashort implants [2,3]. However, it is important to note that the study did not specifically discuss the individual impact of abutment material on the success rates.



According to a previous study, it was found that the increase in crown height on short implants has a negative impact on peri-implant tissue. However, ultrashort implants with a Morse taper connection demonstrated improved stress distribution, with loads concentrated in the prosthetic connection and a better dissipation of axial and angular loads in the implant body compared to internal hexagon implants [6]. FEA, or finite element analysis, is a widely applied method for solving complex numerical problems and mathematical models. It involves dividing a large system into smaller, simpler parts known as finite elements [6,7,8,9,10,11]. FEA analysis is considered a non-invasive and effective tool to study the impact of mechanical forces on biological systems [7,8,9]. This approach allows the simulation and evaluation of applied forces in terms of their location, magnitude and direction. Additionally, FEA is repeatable and does not require the involvement of humans or animal subjects, as it does not affect the physical properties of the materials being analyzed [6,10,11]. In the context of implantology, FEA is extensively employed to assess the stress patterns between implants and bone, taking into account various parameters such as implant number, diameter, length, thread profile, mechanical properties of implant components and the quality and quantity of the surrounding bone [4,5,6,7,10,11,12,13,14].



There is a consensus in the literature that mechanical stresses play a crucial role in maintaining the quality and quantity of peri-implant bone, while occlusal overloads have been identified as a risk factor for peri-implant bone loss [15,16]. Histological changes that occur around overloaded implants provide additional evidence for the clinically significant loss of osseointegration. These findings underscore the importance of the biomechanical conditions at the implant–bone interface, as well as of the insertion of the implant in the crestal bone, for the long-term success of the implants [15,16,17,18]. It is worth noting that, while there is substantial research on the impact of mechanical stresses on conventional implants, there is a lack in the literature regarding ultrashort implants and their load distribution characteristics. In addition, there is not enough information about the influence of alternative and softer abutment materials than titanium, such as polyetheretherketone (PEEK), on the stress concentration when such short implants are used. Further investigation in this area is warranted to better understand the biomechanical behavior and outcomes of ultrashort implants. A widely applied PEEK material in dentistry is Bio-HPP (High-Performance Polymer), a semi-crystalline linear polycyclic thermoplastic material used for various applications such as superstructures, implant abutments and implant bodies. It offers several clinical advantages over titanium alloys, including lower hypersensitivity and allergic reactions, radiolucency, reduced artifacts on magnetic resonance imaging and non-metallic color [13]. Bio-HPP, approved as a Class II medical device, is a semi-crystalline and pigmented thermoplastic material that contains 20% of homogeneous ceramic filler with grain size between 0.3 to 0.5 µm. These properties have contributed to the increasing popularity of Bio-HPP in implant-supported restorations [13].



Therefore, the purpose of this study was to evaluate, by the finite element method, the stress distribution in ultrashort dental implants placed in different bone levels with two abutment designs (titanium or BIO-HPP hybrid abutment). The null hypotheses were that neither (1) the abutment material nor (2) the bone level of the short implant would affect the stress distribution in the restorative set.




2. Materials and Methods


Ultrashort dental implants (copaSKY) STL files were obtained from the manufacturer (Bredent GmbH & Co. KG, Senden, Germany). The 3D file of the implant (5.2 mm × 5 mm), conical titanium abutment (copaSKY exso), titanium base and screw were converted into solids in the modelling software (Rhinoceros version 5.0 SR8, 2013, McNeel North America, Seattle, WA, USA) using the reverse engineering tool. For the BIO-HPP abutment (BioHPP copaSKY elegance) model, a cement layer (Panavia F 2.0, Kuraray Noritake Dental Inc., Okayama, Japan) was created between the titanium base and the mesostructure with 0.1 mm thickness (Figure 1).



The set of each model (titanium or BIO-HPP) was replicated in three conditions according to the bone level: sub-crestal, crestal and supra-crestal level (Figure 2). The difference between each model was standardized in 1.0 mm from the implant platform. The solid bone consisted of a simplified model (between cortical and cancellous bone tissue) with a cylinder shape (diameter and length: 15 mm and 20 mm). To guarantee correct connection at the bone–implant contact (BIC,) a Boolean operation was used, by subtracting the implant from the bone volume. In total, six 3D models were created and composed of bone tissue, dental implant, prosthetic screw and abutment.



The solid models were exported to the computer-aided engineering (CAE) software (ANSYS 19.0, 2018, ANSYS Inc., Houston, TX, USA) and a 10% mesh control convergence test was applied determining the total number of nodes and tetrahedral elements (Figure 3). The mechanical properties are summarized in Table 1 [12,13]. An axial load of 500 N was applied to simulate the occlusal force, at the upper surface of the abutment, based upon a coordinate system that combined vectors on different axes of orientation [12].



In the present study, microstrains, caused by the loading forces, were analyzed for the peri-implant tissue while von Mises stresses were analyzed for the implant, abutment and screw.




3. Results


The stress peaks and microstrain values obtained from the finite element analysis are summarized in Table 2, providing a comprehensive overview of the mechanical behavior of the system. These values serve as valuable indicators of the stress concentrations and deformation patterns within the implant and surrounding tissues. Additionally, Figure 4 presents a visual representation of the von Mises stress distribution across the entire evaluated set. This stress map provides a clear depiction of the areas experiencing the highest stress levels, allowing for a more detailed understanding of the load-bearing characteristics and potential areas of concern.



The influence of the abutment material on stress distribution was found to be minimal in the evaluated components, with the exception of the abutment itself. In models wherein the implant was placed in crestal and supra-crestal positions, it was observed that BIO-HPP, as the abutment material, exhibited higher stress levels. This finding suggests that the choice of abutment material may have implications for the mechanical performance of the implant restoration, particularly when considering the positioning of the implant. The results, depicted in Figure 5, highlight the importance of considering the mechanical properties of the abutment material and its potential impact on stress distribution, aiding clinicians and researchers in making informed decisions regarding implant restorations.



The positioning of the implant in the sub-crestal position had a notable effect on stress concentration within the peri-implant tissue. In this position, the stress distribution was found to be more homogenous and lower in the surrounding bone compared to other placement positions. This finding, as illustrated in Figure 6, suggests that sub-crestal implant placement can contribute to a more favorable biomechanical environment around the implant, potentially reducing the risk of complications and promoting better long-term stability.



On the other hand, when evaluating the stress distribution in the implant and screw components, it was observed that both experienced lower stress concentrations when the implant was placed in the supra-crestal position. This finding, depicted in Figure 7 and Figure 8, suggests that the supra-crestal placement of the implant can contribute to a more favorable load distribution and stress dissipation within these components. By reducing the stress concentration, the risk of mechanical failure and component fatigue may be minimized, thereby enhancing the overall durability and longevity of the implant-supported restoration.




4. Discussion


The present study aimed to evaluate, by the finite element method, the stress distribution in ultrashort dental implants placed in different bone levels with two abutment designs (titanium or BIO-HPP hybrid abutment) with a load of 500 N. The results show that both factors were able to affect the mechanical behavior of each evaluated structure in a different way. Therefore, both null hypotheses have been rejected.



To ensure the enduring success of a dental implant, a comprehensive understanding of how chewing forces are transmitted from the implant prosthetic components to the surrounding bone tissue is paramount. The distribution of stress is influenced by various critical factors, including the type of load applied, the interface between the bone and the implant, the shape and materials of the fixture as well as the quality and quantity of the bone. These factors collectively play a fundamental role in guaranteeing implant stability and evaluating the bone tissue’s ability to remodel and adapt to its biomechanical environment [19]. Such insights are crucial in optimizing the long-term performance and functionality of dental implants. The bone remodeling algorithm and FEA analysis are reported in the literature as reliable methods to evaluate the most appropriate implant prosthetic rehabilitation and prevent possible implant failures for each patient [19].



Short implants offer a viable solution for implant-supported restorations in cases wherein the edentulous area exhibits compromised bone quality and quantity. They serve as a more straightforward and less invasive alternative to procedures such as sinus lifts and bone grafts. By utilizing short implants, clinicians can minimize the need for extensive surgical interventions and achieve successful outcomes in situations wherein conventional implants may not be feasible. This approach provides a valuable option for patients with limited bone availability, offering a simplified and efficient treatment pathway while maintaining a high level of clinical success [3,6].



Indeed, the placement of implants in relation to the bone level is a crucial consideration for clinicians. It directly influences the preservation of peri-implant tissues, including gingival margins and the formation of interdental papilla. Optimal implant positioning plays a vital role in achieving favorable esthetic outcomes and ensuring the long-term stability of the soft tissues surrounding the implant [19]. Moreover, the stress concentration is usually located in the bone/implant contact area [20]. According to the findings of the present study, the sub-crestal placement decreased the microstrain in the bone, probably due to the higher contact area between the bone and the implant, thus generating a more homogeneous and lower stress concentration. The findings of previous studies align with the results that sub-crestal implant placement offers benefits for the peri-implant tissue when compared to crestal-level placement [20,21,22]. These studies have demonstrated that placing implants in a sub-crestal position can promote the improved preservation of the surrounding bone and enhance the stability of the soft tissues, including the gingival margins and interdental papilla as the peri-implant soft tissues play a pivotal role in dental implant success, impacting not only on the esthetic appearance but also on the maintenance and long-term stability of the implants [23,24]. Furthermore, evidence suggests that sub-crestal implant placement facilitates better osseointegration around the implant platform [25], further supporting its positive impact on the long-term success of implant-supported restorations.



The material used for the implant/abutment is another factor that may affect the peri-implant tissues’ maintenance [26]. Although it is still considered the gold-standard material for abutments, titanium is much stiffer than cortical and trabecular bone, since it presents high elastic modulus [27]. This fact was previously associated with the occurrence of the stress shielding effect, characterized by atrophy and bone reabsorption [28]. To reduce such phenomenon, softer materials emerged as options for abutment materials, like hybrid polyetheretherketone (PEEK) abutments, which consist of a high-performance synthetic polymer that presents biocompatibility, chemical stability and mechanical performance [29,30]. Moreover, PEEK presents an elastic modulus similar to the bone (around 3.6 GPa) [31]. When considering the stress in the abutment, the PEEK model depicted higher values of stress when compared to the titanium model for crestal and supra-crestal implant placement. This may be explained by the aforementioned properties of both materials, since in the hybrid abutment (PEEK/titanium) the polymer underwent greater deformation and concentrated less stress on itself, generating a peak of stress in the adjacent titanium component, while the solid titanium abutment presented a homogenous and lower stress concentration. These findings are corroborated by previous studies that evaluated the mechanical behavior of PEEK when used as abutment material through FEA [30,32,33].



These findings should be considered along with consideration related to the different all-ceramic crown designs as stress patterns have been reported to be different when comparing conventional bilayer zirconia covered with porcelain, a monolithic full-contour zirconia crown and the cutback modified zirconia crown with porcelain-veneered buccal face [34].



Despite the difference in elastic modulus between the abutment materials, the present study showed that the stress distribution in the bone, screw and implant components was not affected by such factor. This may be explained by the used test geometry, wherein the load application was positioned over the top surface of the abutment, which is far from the set bone/implant. Moreover, the implant placement and bone anchorage seem to be predominant for the biomechanical behavior of the models [35], where the higher support of the implant–bone contact in the sub-crestal model overcame the effect of the abutment elastic modulus, thus generating similar stress concentration even within the BIO-HPP and titanium abutments. Hence, both materials appear as suitable options for clinical applications.



The failure of the screw (loose or fracture) can compromise the entire implant-supported restorations, since it may lead to the fracture of the implant, instability and other complications [36]. In this sense, researchers and clinicians search for alternatives that reduce the stress concentration and consequently the risk of failures in the screw region [37,38]. The findings of the present study show that the supra-crestal implant placement decreased the amount of stress when compared to the sub-crestal and crestal positioning, thus reducing the risk of screw loosening and implant fracture. This may also be due to the lower contact implant/bone area in the crestal and supra-crestal models, which increased the lever arm and concentrated more stress on the bone [20], while generating less stress on the screw and the implant itself.



Despite the relevance of the present study, its limitations must also be considered. As an in silico study, it is not possible to consider all factors that are present in a clinical scenario, such as different loads and cyclic mechanical stimuli that are applied over the restorations. Even so, the use of FEA is important since it allows the isolated evaluation of a factor, which is essential to determine the performance of complex oral rehabilitations. Moreover, the present study reports important findings to predict the biomechanics of ultrashort implants according to their placement and abutment material. Through the finite element analysis, it was clear that ultrashort implants behaved adequately during the load application, as well as promoted homogenous stress distribution on the adjacent bone, mainly when placed in a sub-crestal position. In addition, new studies considering the use of short-implant are encouraged, including different materials and surgery protocols as well as their possible effects on the bone quality around the implant [39,40,41,42,43]. Also, FEA studies evaluating the presence of crowns, cantilever bridges and full-arch prostheses over ultrashort implants are needed, as well as the distinction between different bone types, fatigue and alternative implant designs [44].




5. Conclusions


The optimal implant placement plays a crucial role in achieving a more homogenous stress distribution within the peri-implant tissues. The sub-crestal implant placement has been found to offer mechanical benefits, particularly in terms of strain levels within the bone. This positioning helps reduce the risk of failure in both the bone and the abutment. Moreover, the results indicate that BIO-HPP serves as a suitable material for hybrid abutments, as it exhibits stress concentration patterns partially similar to titanium. Considering these factors, careful consideration of implant placement and the choice of abutment material can contribute to improved outcomes in implant-supported restorations, enhancing long-term stability and success.
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Figure 1. Different abutment designs according to the prosthetic material. (A) Ceramic-reinforced PEEK abutment with titanium base and (B) conventional titanium abutment. 
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Figure 2. Different bone levels positioning simulated in the present study. (A) sub-crestal, (B) crestal and (C) supra-crestal. 
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Figure 3. Numerical model and boundary conditions. (A) Model after meshing process, (B) loading application and (C) fixed support. 
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Figure 4. Von Mises stress distribution along the entire set according to the implant placement (supra-crestal, crestal and sub-crestal) and abutment material (BIO-HPP and titanium). 
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Figure 5. Stress distribution along the abutment through von Mises stress test, according to the implant placement (supra-crestal, crestal and sub-crestal) and abutment material (BIO-HPP and titanium). 
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Figure 6. Microstrain distribution along the peri-implant tissue (bone) through strain analysis, according to the implant placement (supra-crestal, crestal and sub-crestal) and abutment material (BIO-HPP and titanium). 






Figure 6. Microstrain distribution along the peri-implant tissue (bone) through strain analysis, according to the implant placement (supra-crestal, crestal and sub-crestal) and abutment material (BIO-HPP and titanium).



[image: Prosthesis 05 00051 g006]







[image: Prosthesis 05 00051 g007 550] 





Figure 7. Stress distribution along the implant through von Mises stress test, according to the implant placement (supra-crestal, crestal and sub-crestal) and abutment material (BIO-HPP and titanium). 
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Figure 8. Stress distribution along the screw through von Mises stress test, according to the implant placement (supra-crestal, crestal and sub-crestal) and abutment material (BIO-HPP and titanium). 
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Table 1. Mechanical properties of the structures adopted in the present study.
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	Structures
	Elastic Modulus (GPa)
	Poisson Ratio





	Titanium *
	110
	0.3



	BIO-HPP
	3
	0.3



	Cement
	8
	0.3



	Bone tissue
	5.5
	0.3







* Both screw, ultrashort implant and the correspondent abutment were made of titanium.
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Table 2. Equivalent strains in the bone tissue and stress per region for each evaluated model.
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	Placement
	Abutment Design
	Microstrain (µ/µ)
	Abutment

Stress (MPa)
	Implant

Stress (MPa)
	Screw

Stress (MPa)





	Sub-crestal
	BIO-HPP
	1.08 × 10−2
	222.67
	338.63
	71.10



	
	Titanium
	1.07 × 10−2
	220.53
	342.05
	75.05



	Crestal
	BIO-HPP
	1.17 × 10−2
	248.08
	287.34
	71.19



	
	Titanium
	1.17 × 10−2
	219.88
	291.94
	75.61



	Supra-crestal
	BIO-HPP
	1.23 × 10−2
	248.08
	274.25
	63.74



	
	Titanium
	1.20 × 10−2
	221.77
	276.93
	61.33
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