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			ABSTRACT:  This study compared the biomechanical performance of anterior two implant-supported fixed prostheses combined with distal-extension removable partial dentures (DERPDs) classified as Mandibular Kennedy Class I, incorporating metal clasps and extracoronal precision attachments, against conventional Locator®- and bar-attached implant overdenture prostheses under vertical and oblique bilateral posterior biting forces using three-dimensional finite element analysis. Four prosthetic designs with different retention systems were analyzed: an overdenture with a Locator® attachment, an overdenture with a bar attachment, an anterior implant-supported fixed bridge retaining a removable partial denture with clasp retention, and an anterior implant-supported fixed bridge retaining a removable partial denture with a precision attachment. Stress values and distributions were compared among the models using three-dimensional (3D) finite element analysis (FEA). Clasp attachments exhibited the lowest stress concentrations, while precision attachments showed the highest stress values. Overdentures with bar attachments demonstrated higher stress concentrations compared to Locator® attachments. Clasp-type attachments induced less stress on implants and peri-implant tissues while causing greater posterior tissue stress compared to extracoronal precision attachments in DERPDs. It can be considered a viable treatment for patients seeking an anterior implant-supported fixed bridge for esthetic and psychological reasons, and this can increase the patient's self-confidence.
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			RESUMEN: Este estudio comparó el desempeño biomecánico de prótesis fijas anteriores soportadas por dos implantes, combinadas con prótesis parciales removibles de extensión distal (PPR-ED) (mandíbula, clase I de Kennedy) con retención mediante ganchos metálicos y aditamentos de precisión extracoronales, frente a sobredentaduras implantorretenidas convencionales con Locator® y con barra, bajo fuerzas de mordida posterior bilaterales vertical y oblicua, mediante análisis tridimensional de elementos finitos. Se analizaron cuatro diseños protésicos con diferentes sistemas de retención: una sobredentadura retenida con aditamentos Locator®, una sobredentadura retenida con barra, un puente fijo anterior soportado por implantes combinado con prótesis parcial removible retenida con retenedores tipo gancho, y un puente fijo anterior soportado por implantes combinado con prótesis parcial removible retenida con aditamentos de precisión. Los valores y distribuciones de tensiones se compararon entre los modelos mediante análisis tridimensional (3D) de elementos finitos (FEA). Los retenedores tipo gancho mostraron las concentraciones más bajas de tensión, mientras que los aditamentos de precisión exhibieron los valores más altos. Las sobredentaduras retenidas con barra demostraron mayores concentraciones de tensión en comparación con aquellas retenidas con Locator®. Los retenedores tipo gancho indujeron menores niveles de tensión sobre los implantes y tejidos periimplantarios, pero ocasionaron mayores tensiones en los tejidos posteriores en comparación con los aditamentos de precisión extracoronales en PPR-ED. Esta modalidad puede considerarse un tratamiento viable para pacientes que requieren un puente fijo anterior soportado por implantes por razones estéticas y psicológicas, contribuyendo a incrementar la autoconfianza del paciente.

			PALABRAS CLAVE: Implantes dentales; Gancho; Aditamento de precisión; Barra; Locator®; Prótesis parcial removible; Análisis de elementos finitos.

			 

			INTRODUCTION

				

			Prosthodontic restorations for completely edentulous patients can sometimes be challenging. Clinicians must consider various treatment approaches and choose the one that best suits each patient’s unique situation and conditions. Particularly in patients who have worn removable dentures for a long time, the degree of vertical and horizontal alveolar bone resorption often varies by area, depending on the timing of tooth loss. In some cases, while the anterior alveolar ridge often retains a relatively sufficient amount of bone, the posterior edentulous region continues to undergo bone resorption (1).

				 

			Complete dentures remain a crucial treatment option for edentulous patients—providing function, aesthetics, and self-esteem (2) —yet while many report satisfaction, some continue to struggle with adaptation (3). Common faults or errors in dentures may lead to patient dissatisfaction (4). Although various approaches—such as metal-based dentures with soft liners (5), internally weighted concepts (5), and specialized impression techniques (6)—have been developed to improve retention, support and stability and patient satisfaction, mandibular dentures still pose challenges for patients with severely resorbed alveolar ridges.

			Treatment of the edentulous mandible with implant-supported/retained prostheses offers considerable functional and esthetic advantages over traditional removable dentures. When planning implant-based restorative treatment for a completely edentulous mandible, the following options can be considered: implant-supported fixed prosthesis using at least three (7, 8) to four (9) implants (e.g., Trefoil or All-on-Four) and implant-retained overdenture using one (10) to two (11) implants (e.g., Locator® or ball attachment overdentures). However, implants often cannot be placed throughout the entire edentulous area due to anatomical or medical limitations, financial constraints, or the patient’s unwillingness to undergo additional invasive and tiring procedures (12). Furthermore, the fixed implant prosthesis design is suitable for patients with minimal alveolar bone resorption and an optimal maxillomandibular relationship, while removable overdentures are now considered a viable option from the outset, extending beyond cases where fixed prostheses are unfeasible (13).  Prosthetic rehabilitation of a completely edentulous mandible with an overdenture retained by two implants into the interforaminal region is a highly predictable treatment that also provides greater patient satisfaction, comfort, and quality of life than a conventional full denture. In some cases, the treatment plan must be adapted to the patient’s demands, as certain patients desire a fixed restoration in the anterior region while accepting a removable partial denture in the posterior region (14). Having at least a fixed prosthesis in the anterior region—instead of a fully removable implant-retained prosthesis—can alleviate the psychological impact of complete edentulism and boost patient self-confidence. Through this, fewer implants can be adequate to achieve a satisfactory restoration for patients. 

			Several previous studies, primarily clinical reports, have demonstrated the viability and reliability of the association between implants and removable partial dentures (RPDs) with different combinations (12, 14-36). Thus, alternative treatment protocols that forego complex surgical or grafting procedures have recently gained popularity in clinical dentistry. One of these protocols, involving implant-supported fixed prostheses in the intercanine region with bilateral removable partial dentures, provides a fixed restoration in the esthetic region that does not require removal at night, features minimal or smaller removable components, and easily compensates for implant angulation (21, 37, 38). 

			A review of all articles currently available in the scientific literature reveals no three-dimensional (3D) finite element analysis (FEA) simulation studies on anterior implant-supported fixed prostheses combined with distal-extension removable partial dentures. Thus, this study aimed to biomechanically evaluate and compare anterior two-implant-supported fixed prostheses combined with distal-extension removable partial dentures (DERPDs) classified as Mandibular Kennedy Class I, featuring metal clasps and precision attachments, against conventional Locator®- and bar-retained implant overdentures using 3D FEA under bilateral vertical and oblique biting forces.

			MATERIALS AND METHODS

			This study was performed in Inonu University, Faculty of Dentistry, Department of Prosthodontics Research Laboratory. In a two-implant edentulous model, four prosthetic designs employing different retention systems —an overdenture with a Locator® attachment, an overdenture with a dolder bar attachment, an anterior implant-supported fixed bridge retaining a removable partial denture with a Roach-type Y-bar clasp retention, and an anterior implant-supported fixed bridge retaining a removable prosthesis with a distally placed extracoronal ball precision attachment (rhein83 OT STRATEGY, Rhein83, Bologna, Italy) were compared for stress values and distributions using 3D-FEA. For this purpose, SolidWorks (Dassault Systems, SolidWorks Corp, Waltham, MA, USA) was utilized for computer-aided design and ANSYS Workbench (Ansys Inc., Canonsburg, PA, USA) for computer-aided analysis.

			According to the Lekholm and Zarb classification (39), D2 bone quality is predominantly observed in the mandible. Thus, a completely edentulous mandibular model was constructed with 1 mm of mucosa and 2 mm of cortical bone surrounding the cancellous bone. Standard implants, each with a diameter of 4.3 mm and a length of 10 mm, along with their abutments, each featuring a diameter of 4.5 mm and a gingival length of 1 mm, were incorporated into the model, with osseointegration assumed to be 100%. A metal-supported porcelain anterior fixed prosthesis on implants was modeled. The bilateral DERPDs were set using a chromium-cobalt alloy for the metal substructure and polymethyl methacrylate (PMMA) for the acrylic components, designed to replace the first and second premolars and molars, and incorporated metal clasps and precision attachments to enhance retention. The components used in the models are shown in Figure 1. Table 1 explains the location of implants and restoration type of each model in the simulation, which is illustrated in Figure 2.

			All materials and living tissues were presumed to be linearly elastic, homogeneous, and isotropic, and the models were assumed to operate under 3D stress conditions. Material properties, such as Young’s modulus and Poisson’s ratio, were obtained for each material from the literature. These properties were then incorporated into the finite element models to accurately simulate the biomechanical behavior of the implant-supported prostheses. All of the used materials’ properties (elasticity modulus and Poisson's ratio) were given in Table 2.

			A bilateral vertical and oblique (15° angle with horizontal, vertical, and axial components) posterior load totaling 100 N was applied to the artificial teeth, evenly distributed across five load application points of 20 N each.

			FEA conducted on the 3D models revealed peak von Mises stresses within the implants, as well as maximum principal (tension) and minimum principal (compression) stresses in the cortical bone.  The models were analyzed using 3D FEA, and the results were visualized with different color bands through stress distribution maps and von Mises stress maps, with stress values expressed in megapascals (MPa). As a result of the study, the stress distributions and values obtained in the implant components and peri-implant tissues were analyzed and interpreted.
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			Figure 1. The components used in the models.

			Table 1. Implant placement location and restoration type.

			
				
					
					
					
				
				
					
							
							Models

						
							
							Location of Implants

						
							
							Type Of Prosthesis

						
					

					
							
							MLoc

						
							
							2 - 2

						
							
							Overdenture with a Locator® attachment

						
					

					
							
							MBar

						
							
							2 - 2

						
							
							Overdenture with a dolder bar attachment

						
					

					
							
							MClasp

						
							
							3 - 3

						
							
							Anterior implant-supported fixed bridge retaining a removable partial denture with a Roach-type Y-bar clasp retention

						
					

					
							
							MPrec

						
							
							3 - 3

						
							
							Anterior implant-supported fixed bridge retaining a removable prosthesis with a distally placed extracoronal ball precision attachment
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			Figure 2. Implant placement location and restoration type.

			Table 2. Physical properties of the experimental materials used in this study.

			
				
					
					
					
				
				
					
							
							Material

						
							
							Young’s Modulus (Mpa)

						
							
							Poisson's Ratio (ν)

						
					

					
							
							Ti6al4v (implant, attachment)

						
							
							110,000

						
							
							0,33

						
					

					
							
							Cortical bone

						
							
							13,700

						
							
							0,30

						
					

					
							
							Cancellous bone

						
							
							1,370

						
							
							0,30

						
					

					
							
							Cr-co alloy

						
							
							218,000

						
							
							0,33

						
					

					
							
							Feldspathic porcelain

						
							
							82,800

						
							
							0,35

						
					

					
							
							Acrylic resin (teeth, denture base)

						
							
							8,300

						
							
							0,28

						
					

					
							
							Mucosa

						
							
							680

						
							
							0,45

						
					

					
							
							Nylon rubber (dolder bar clip, Locator® male)

						
							
							5

						
							
							0,45

						
					

					
							
							Stainless steel (housing)

						
							
							190,000

						
							
							0,31

						
					

				
			

			

			RESULTS

			In all models, under bilateral vertical and oblique posterior loading, the attachment on the load side generally exhibited the highest stress values. In addition, the stress values and distributions in the coronal region of the implants were higher than in the apical regions. Furthermore, in a removable partial denture supported by posterior tissues, the stress values on these tissues are lower compared to the stress values around implants.

			Table 3 presents the peak von Mises stresses in implants (MPa), as well as the maximum and minimum principal stresses in cortical bone (MPa) under vertical and oblique loading conditions (Figures 3-7).  When evaluating the stress values on implants in the models, stress concentrations were observed along the rotational axes generated by prosthesis movements under loading. Furthermore, analysis of stress distributions within the supporting tissues revealed significant concentrations in the posterior primary tissue support areas of the MClasp model.

			Under vertical loading, the highest von Mises stress occurred in the implant of the MPrec model (10.108 MPa), followed by the MBar model (5.8076 MPa), the MLoc model (3.8853 MPa), and the MClasp model (1.5624 MPa). Similarly, under oblique loading, the implant of the MPrec model also exhibited the highest von Mises stress (50.16 MPa), followed by the MBar model (24.276 MPa), the MLoc model (11.556 MPa), and the MClasp model (2.0198 MPa) (Figures 3, 4, and 6).

			When evaluating maximum (tensile) and minimum (compressive) principal stress values for peri-implant cortical bone, the highest stresses under vertical loading were observed in the MPrec model (6.1654 MPa tensile; 4.9603 MPa compressive), followed by the MBar model (3.733 MPa tensile; 3.9486 MPa compressive), the MLoc model (3.2407 MPa tensile; 3.2917 MPa compressive), and the MClasp model (0.74107 MPa tensile; 0.5892 MPa compressive) (Figures 3, 6, and 7).

			Under oblique loading, the MPrec model also exhibited the highest stresses (16.337 MPa tensile; 17.348 MPa compressive), followed by the MBar model (4.9231 MPa tensile; 4.711 MPa compressive), the MLoc model (4.4548 MPa tensile; 4.0109 MPa compressive), and the MClasp model (0.26886 MPa tensile; 0.61411 MPa compressive) (Figures 4, 6, and 7).

			

			Table 3. Peak von Mises stresses in implants (MPa), maximum and minimum principal stresses in cortical (MPa) under both vertical and oblique loading conditions.

			
				
					
					
					
					
					
					
					
				
				
					
							
							Model

						
							
							Implant

						
							
							Cortical Bone

						
					

					
							
							
							von Mises stress

						
							
							Maximum principal stress

						
							
							Minimum principal stress

						
					

					
							
							
							Vertical

						
							
							Oblique

						
							
							Vertical

						
							
							Oblique

						
							
							Vertical

						
							
							Oblique

						
					

					
							
							MBar

						
							
							5,8076

						
							
							24,276

						
							
							3,733

						
							
							4,9231

						
							
							3,9486

						
							
							4,711

						
					

					
							
							MLoc

						
							
							3,8853

						
							
							11,556

						
							
							3,2407

						
							
							4,4548

						
							
							3,2917

						
							
							4,0109

						
					

					
							
							MClasp

						
							
							1,5624

						
							
							2,0198

						
							
							0,74107

						
							
							0,26868

						
							
							0,5892

						
							
							0,61411

						
					

					
							
							MPrec

						
							
							10,108

						
							
							50,16

						
							
							6,1654

						
							
							16,337

						
							
							4,9603

						
							
							17,348
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			Figure 3. Color-coded screenshots showing the distribution of stress of models under vertical loading.
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			Figure 4. Color-coded screenshots showing the distribution of stress of models under oblique loading.
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			Figure 5. Peak Von Mises stress values on implants resulting from vertical and oblique loading.
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			Figure 6. Maximum Principal stress values in cortical bone as a result of vertical and oblique loading.
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			Figure 7. Minimum Principal stress values in cortical bone as a result of vertical and oblique loading.

			

			DISCUSSION

			This study is the first in the current scientific literature, excluding clinical and technical reports, to perform a 3D FEA evaluating anterior implant-supported fixed prostheses combined with distal-extension removable partial dentures (DERPDs). Furthermore, this in vitro study evaluated and compared the stress distribution around implants supporting removable partial dentures with either metal clasps or precision attachments. Moreover, a lower model was used in this study because conventional mandibular complete dentures pose greater challenges than maxillary dentures, including thin mucosal coverage of the edentulous ridge, a reduced support area, and the floor of the mouth and tongue movements (40) that compromise support, retention, and stability, and a higher incidence of ridge resorption in the mandible. Previous clinical reports (12, 14-22, 25) have highlighted the practicality, reliability, and patient acceptance of implant-retained removable partial dentures. Such approaches avoid more invasive surgical procedures, reduce overall treatment time, and offer enhanced patient comfort (12, 51). In agreement with these clinical findings, our results demonstrated clear biomechanical benefits when implants are strategically combined with removable dentures.

			Bite force changes throughout life and typically declines physiologically during aging due to muscle mass and tooth loss, but prosthetic rehabilitation can help restore masticatory performance. Maximum occlusal forces typically occur in the posterior region, where the elevator muscles contract most strongly (41). Although the maximum bite force varies among individuals and in different jaw regions, the highest values recorded in the premolar region are 415 N in women and 475 N in men, and the average forces are 345 N in women and 401 N in men (42). Besides, since chewing forces are composed of both axial and oblique forces, oblique loads are used in FEA (43). In this study, a moderate, bilateral oblique occlusal load of 100 N was applied posteriorly to simulate the typical clinical scenario.

			The selection of implant-retained attachments is often guided by clinicians’ professional experience (44), with the principal consideration being the device’s longevity, including resistance to fatigue and prevention of osseointegration failure (45). The attachment systems used in this study—particularly the Locator®, bar, clasp, and precision attachments—are widely employed in removable dentures and have been extensively compared in biomechanical studies (46-50). Results indicate that clasp attachments exhibit the lowest stress concentrations among the models, while precision attachments show the highest stress values. This may be due to the rigid extra-coronal precision attachments creating excessive tilting lateral stress on the implant-supported bridge. A greater stress concentration was observed in the overdenture prosthesis with the bar attachment than in the Locator® attachment. On the other hand, flexible RPI connections appear to show greater tissue support posteriorly. Furthermore, implants splinted with bars showed a more favorable stress distribution and lower stress levels in both the implant and surrounding bone tissue than non-splinted Locator®-type implants.

			A case report demonstrated that placing a few implants in the anterior maxilla to support DERPD s for fully edentulous maxillary patients can minimize invasive procedures, reduce treatment time, and improve patient comfort, particularly for elderly individuals. The approach successfully restored chewing efficiency, esthetics, and patient adaptation, offering a practical and cost-effective solution for prosthodontic rehabilitation (32). Another study shows a case in which an implant-supported removable partial denture was fabricated considering residual alveolar bone height after teeth loss in a patient who had been using a DERPD for a long time (12). A research using bi-dimensional finite element analysis has evaluated the biomechanical behavior of mandibular DERPD combined with osseointegrated implants utilizing various retention systems. This has shown that incorporating retention systems, such as ERA or O-ring, with DERPDs improves patient comfort, enhances force distribution, and reduces stress on supporting structures. However, a single fixed implant-supported crown in association with DERPDs is not recommended due to increased stress and the potential risk of osseointegration failure (51). Furthermore, a case report described a patient with failing dentition who received treatment involving bilateral distal extension removable partial dentures (RPDs) combined with anterior fixed implant prostheses featuring semi-precision attachments. This approach provided benefits such as increased comfort, enhanced esthetics in the anterior area, improved phonetics, and better masticatory function (52).

			Many studies have demonstrated that stress patterns observed in photoelastic models closely resemble those found in natural structures, owing to the direct visualization of stress distribution and the structural similarity regarding stress shape and formation areas (53). However, in such photoelastic stress analysis models, cortical and cancellous bone are represented using a single transparent and uniform resin material, often limiting the analysis to two-dimensional representations. Ozel et al. (54) conducted through photoelastic stress analysis, implant-supported removable partial dentures with anterior fixed prosthesis design show lower stress distributions compared to bar-supported prostheses, and these prostheses appear to be advantageous in terms of stress transmission. Mahshid et al. (55) reported that evaluating stress distribution differences related to the number of implants under an anterior bridge, combined with a removable partial denture in the posterior region, revealed that 2-, 3-, and 4-implant models exerted less stress on cortical and spongy bone compared to the 5-implant model, with the greatest amount on terminal implants. This study showed that, under vertical and oblique bilateral posterior load, the clasp attachment exhibited lower stress values than the precision, bar, and Locator® attachments, likely due to its flexibility, which allows greater multidirectional movement and increased tissue support. Additionally, the Locator® attachment demonstrated lower stress values than the bar attachment, which may be attributed to the ability of non-rigid prostheses to distribute stress toward the posterior supporting tissues.

			In this study, stress analyses revealed higher von Mises and principal stress values around implants in the models using precision attachments compared to clasps or Locator® attachments. This finding aligns with previous biomechanical studies that indicate rigid attachments, such as precision attachments, tend to concentrate stresses around implants and adjacent cortical bone, whereas non-rigid attachments facilitate more favorable stress distribution toward posterior supporting tissues (45-49). Specifically, our findings suggest that precision attachments, due to their rigid nature, can significantly increase stress concentrations, whereas non-rigid designs, like clasp attachments, effectively distribute stresses toward posterior tissues, thus lowering implant stress values. These results highlight the critical role of attachment selection in prosthetic planning for edentulous patients.

			The 3D-FEA method is increasingly used in the field of dental implantology because it is more economical, simple, non-invasive and efficient. Many studies report that stress patterns in 3D-FEA models closely resemble those of natural structures (56, 57). The 3DFEA model directly reveals the stress distribution, which mirrors the shape and location seen in natural structures (54). In this study, 3D-FEA was used to investigate stress values and distributions in different prosthesis designs—measurements that are difficult to obtain in living tissues. Although 3D FEA in implant biomechanics is currently limited to static and idealized conditions, it still provides fundamental guidance for research, offers diverse clinical solutions, and demonstrates several advantages such as efficiency, cost-effectiveness, flexibility, short experimental durations, accurate modeling, high repeatability, comprehensive mechanical property testing, and non-invasive simulation of complex scenarios (58, 59). However, integrating modeled results with clinical practice remains challenging due to the nonlinear mechanical nature of living soft tissues, inherent limitations of FEA in representing real-world conditions, and current computational constraints in capturing the full biological complexity (60). Consequently, translating these simulated findings into clinical practice remains challenging. Further validation through clinical studies and comparative research is essential to bridge the gap between FEA simulations and real-life clinical outcomes.

			Despite these limitations, 3D FEA remains a valuable and widely employed tool in implant biomechanics research. Its strengths include non-invasiveness, efficiency, flexibility in experimental design, cost-effectiveness, and the ability to clearly visualize stress distribution in a controlled environment. Thus, continued refinement of finite element methodologies, combined with clinical validation, will greatly enhance their applicability and reliability, ultimately leading to improved clinical decision-making and patient outcomes.

			CONCLUSION

				

			Within the limitations of this study, clasp-type attachments induced less stress on implants and peri-implant tissues while causing greater posterior tissue support compared to extracoronal precision attachments in DERPDs. For this reason, it can be considered as a viable treatment method for patients who want to have an implant-supported fixed bridge in the anterior region for aesthetic and psychological reasons. In addition, splinting implants with bridge enables better and more even stress value and distribution on implants and surrounding bone tissues. Furthermore, although the results of this study—leveraging 3D FEA—are difficult to interpret and confirm in short-term in vitro and clinical studies, additional long-term studies are needed to support and clarify these findings.
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ABSTRACT: This study compared the biomechanical performance of anterior two implant-supported
fixed prostheses combined with distal-extension removable partial dentures (DERPDs) classified as
Mandibular Kennedy Class |, incorporating metal clasps and extracoronal precision attachments, against
conventional Locator®- and bar-attached implant overdenture prostheses under vertical and oblique
bilateral posterior biting forces using three-dimensional finite element analysis. Four prosthetic designs
with different retention systems were analyzed: an overdenture with a Locator® attachment, an overdenture
with a bar attachment, an anterior implant-supported fixed bridge retaining a removable partial denture
with clasp retention, and an anterior implant-supported fixed bridge retaining a removable partial denture
with a precision attachment. Stress values and distributions were compared among the models using
three-dimensional (3D) finite element analysis (FEA). Clasp attachments exhibited the lowest stress
concentrations, while precision attachments showed the highest stress values. Overdentures with bar
attachments demonstrated higher stress concentrations compared to Locator® attachments. Clasp-type
attachments induced less stress on implants and peri-implant tissues while causing greater posterior
tissue stress compared to extracoronal precision attachments in DERPDs. It can be considered a viable
treatment for patients seeking an anterior implant-supported fixed bridge for esthetic and psychological
reasons, and this can increase the patient's self-confidence.
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