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Abstract

:

The main purpose of this work was to construct a clinically valid numerical model of a mandibular Kennedy class I patient rehabilitated with a conventional removable partial denture and another two with implant-assisted removable partial dentures at two different implant locations. The selected patient was classified as ASA I and its mandible geometry reconstruction was performed by the conversion of the Cone-Beam computed Tomography (CBCT) scan raw medical data into a 3D model and subsequent conversion to a CAD file by reverse engineering methods. The soft tissue and removable denture geometries were also included in the CAD model as well as implants, ball attachments and matrix. Moreover, periodontal ligament was modelled by offsetting the mesh of the root surface of each tooth. The finite element results showed that the installation of a dental implant in each of the bilateral edentulous regions helps providing support and retention to the extension bases of the Removable Partial Denture (RPD) and significantly reduces the vertical and anterior-posterior displacements, regardless of its position.
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1. Introduction


The use of clasp-retained removable partial dentures has been a popular option among patients and clinicians to rehabilitate patients with partial edentulism due to the non-invasive nature of the treatment and fair cost-efficiency relationship on the short-term [1,2]. However, on the long-term, this cost-efficiency relationship is disturbed by the limitations of a removable partial denture, which inevitably leads to patient dissatisfaction and a drop of the usage rate, particularly, in the case of mandibular distal extension dentures [3,4,5].



To reduce some of these limitations, the adjunctive use of dental implants with or without retentive elements have been proposed by several authors [6,7,8,9,10] and are called implant-assisted removable partial dentures. The typical indications for implant-assisted removable partial dentures are situations of Kennedy Class I and II edentulism, particularly with long edentulous spans, and Kennedy class IV situations, or situations of patient refusal to wear dentures with complete palatal coverage or visible clasp assemblies and insufficient retention in the existing removable partial dentures. In these cases, the type of implant to use and the position within the edentulous sites, as well as the type of retentive elements, is a decision of the clinician, often based on surgical, aesthetic or economic criteria [11].



The clinical guidelines and principles for the design of implant-assisted removable partial dentures proposed by Grossmann et al. [12] in patient situations of Kennedy Class I edentulism indicate that per edentulous area, one implant should be inserted as distally as possible to provide maximal support and stability, particularly in the mandible. However, they also admit the possibility of placing the implants in a mesial position adjacent to the abutment teeth (natural teeth supporting and retaining a removable partial denture), whenever these are poor to provide support or to avoid unesthetic clasps in maxillary rehabilitations. Only two non-clinical studies considered in the work of Grossmann et al. comprised the biomechanical evaluation of the use of dental implants in mandibular Kennedy Class I situations, that is the study of movement and deformation of the biological structures (abutment teeth, bone, mucosa, etc.) under forces applied over the prosthesis and implants. One of those studies, performed by Ohkubo et al. [13], used an experimental setup to measure the pressure under a conventional or an implant-assisted removable partial denture with the implants placed distally. The results indicated that the implant support contributed to the reduction of displacement at the distal extension of the removable partial dentures and decreased the pressure on soft tissues. The other study [14] also considered in the above-mentioned revision, evaluated the biomechanical efficacy of placing implants underneath the denture base to obtain stable occlusal support, using an in-silico bi-dimensional model. The authors considered the possibility of implant support in the distal (second molar), mesial (first premolar) or intermediate position (second premolar). Compared to the conventional removable partial denture option, the least stress was obtained at the temporomandibular joint using the implant in the distal position, followed by the intermediate and mesial positions.



The study of Maeda et al. was the first to use the finite element method (FEM) to evaluate the biomechanical effect of the implant support in the structures involved, namely denture, mandibular bone and temporomandibular joint. In the time following that study, several researchers have been using the finite element method to evaluate the stress distribution over the mandibular bone due to the screwed overdenture positioned on dental implants [15,16,17,18,19,20]. In this study, three-dimensional finite element analysis is also used to clarify the criteria for implant positioning within the edentulous span in prosthetic treatments with IARPD (implant assisted removable partial dentures). The primary aim is achieved by evaluating the different patterns of stress in the prosthetic structure for variations of the implant positioning in the edentulous area.




2. Materials and Methods


2.1. Geometrical Models


Three-dimensional finite element models of IARPDs with two different implant locations and one conventional RPD, that is, a tooth assisted RPD, were constructed based on the reconstruction of the CBCT Kennedy Class I patient. The three finite element models were identified as: the conventional RPD; the IARPD PREMOLARS (IARPD PM), presenting the implants at the premolar regions; the IARPD MOLARS (IARPD MO), with the implants placed in the molar’s region. The selected patient showed no signs of relevant systemic or oral diseases, including severe periodontal disease, and presented mandibular bilateral posterior edentulism missing three teeth per edentulous site and moderate resorption of the residual ridges.



The geometries of the compact and trabecular bones of the mandible were created by the conversion of the CBCT scan raw medical data into 3D models and subsequent conversion to a CAD file by reverse engineering methods. Similarly, to the process of segmentation of the mandible bones, teeth segmentation allowed separating abutment teeth (34, 33, 43, 44) from the remaining teeth, while periodontal ligaments were modelled by offsetting the mesh of the root surface of each tooth (34, 33, 43, 44) by 0.25 to 0.3 mm. The 3D geometrical model of the acrylic portion of the RPD was obtained from the scanning of a conventional denture, which had been created over the plaster mode of the patient, using the inEOS® X5 laboratory scanner (Sirona Dental Systems Inc., Long Island City, NY, USA). The 3D model of the metal framework of the RPD was created over the scanned plaster model using the 3Shape Dental System™ software and, posteriorly, assembled with the acrylics of the 3rd and 4th quadrants. Moreover, the external surface of the mandibular plaster model of the patient was also scanned to create a 3D model of the coronal portion of the remaining teeth and soft tissue of the edentulous areas.



The implants were created using s CAD tools (Solidworks® 2014, Dassault Systèmes Pte. Ltd., Singapore) after feature extraction of the specific geometrical dimensions from official images of Straumann Standard Plus implants (Ø 4.1 mm) with regular platform and 10 mm long provided by the manufacturer (Institut Straumann AG, Basel, Switzerland). A ball attachment (patrix) and corresponding matrix were also created to establish the connection between prosthesis and the implant. In the assemblage of IARPD models the implants were placed as parallel as possible to the abutment teeth in the regions of the second premolar (Model IARPD PM) and of the extremity of metallic framework (Model IARPD MO), which corresponded to the virtual position of the first molar. To model the implant-bone contact, the implants were then trimmed from the cortical and cancellous bone bodies using Boolean operations. The same operation was performed on the soft tissue body to create the space required to the transmucosal portion of the implant. The matrices were aligned with the ball attachments of the implants and housed within the framework. The acrylic portions of the prostheses were also modified to accommodate the implants, ball attachments and matrices.



A single plate was created to apply the prescribed load uniformly over the acrylic teeth of the removable partial denture. The plate was sketched in the horizontal plane of the mandible (parallel to the occlusal plane) and vertically extruded to obtain a final thickness of 10 mm. Additionally, a 10 mm diameter circle was included in the geometric centre of the sketch and extruded 25 mm for force application. After the assembly of all components of the models with implant-assisted removable partial dentures, the solid bodies were exported in the format of single Parasolid binary files.




2.2. Numerical Models


Each one of the three model files was imported into the ADINA system for linear and nonlinear finite element analysis (ADINA AUI version 9.3.1, ADINA R&D Inc., Watertown, WA, USA) including the following bodies: cortical bone and non-abutment teeth; individualized abutment teeth (34, 33, 43, 44); individualized periodontal ligaments of the abutment teeth (34, 33, 43, 44); cancellous bone; soft tissue (3rd and 4th quadrants); metal framework of the removable partial denture (including 2 matrices in the case of the Models IARPD PM and IARPD MO); acrylic denture bases with the missing teeth (3rd and 4th quadrants); implants and ball attachments (Models IARPD PM and IARPD MO); loading plate.



In both numerical models of the IARPDs the implants were assumed bonded with cancellous and cortical bones, simulating complete osseointegration. Moreover, the glue mesh option was also used to model the attachment of other pairs of components to remain perfectly bonded together, such as the inner surfaces of the cortical bone and the outer surfaces of the cancellous bone or the inner and outer surfaces of the periodontal ligament and the teeth and bone, respectively. Nevertheless, the Lagrange multiplier technique was used to impose contact constraint conditions, assuring the possibility of relative motion between the surfaces of the following contact pairs: implant/soft-tissue; soft-tissue/acrylic; soft-tissue/framework; framework/teeth; teeth-premolar/teeth-canine; teeth/cortical; and acrylic/implant.



Assignment of the mesh density to the solid bodies of each model was made by promoting equally spaced subdivisions of the bodies using the desired element edge length. In some cases, the subdivision of specific faces was recalculated with smaller lengths to promote a more refined mesh in areas requiring higher precision of the results. Table 1 presents the mesh density attributed to each body and the refinement areas. Discretization of the domains was assured by the Delaunay free-form meshing algorithm to generate 8-node hexahedral (brick) elements with mixed interpolation formulation (displacement and pressure-based), considering a constant pressure (1 degree of freedom). For elements with linear elastic material properties, additional displacement degrees of freedom were allowed by selecting the incompatible modes option. The total number of nodes and elements of each model are detailed in Table 2.




2.3. Numerical Models


This study assumed isotropic linear elastic properties for the cortical and cancellous bones, teeth, framework, acrylic, implants, ball attachments and loading plate but not for the oral soft tissues. These, i.e., oral mucosa and periodontal ligament, were modelled considering non-linear hyperelastic properties. Several models have been proposed to model the hyperelastic effects of biological soft tissues [21]. Nevertheless, the approximation proposed by Ogden [22,23] provides the closest matching to experimental data and was herein considered for the modelling of both the oral mucosa and the periodontal ligament. The mechanical properties of the materials displaying a linear force-displacement relationship as implied in Hooke’s law are presented in Table 3.



The nonlinear constitutive models of the oral mucosa and of periodontal ligaments were derived from a strain energy density function (SEDF), W, which is defined per unit of reference volume (ADINA R&D 2012). This model is based directly on principal stretches instead of invariants to determine the deviatoric strain energy function (WD) and accounts for volumetric compressibility by the inclusion of a term for the volumetric strain energy density (ADINA R&D 2012). In the case of the oral mucosa, the strain energy density function was set based on the fitting of a uniaxial stress–strain curve from experimental data reported by Kishi et al. in 1972 cited in Chen et al. [30], using a Ogden 9th order approximation obtained by the method of singular value decomposition. Similarly, the periodontal ligament material properties were obtained from the data of porcine periodontal ligaments subjected to uniaxial tensile tests that were performed along the fibber direction, as reported by Natali et al. [31] and Nishihira et al. [32]. The curve fitting procedure for the Ogden function was also obtained by singular value decomposition and 9th order approximation.




2.4. Loading and Boundary Conditions


Boundary conditions were applied in the condyles of the mandible and in the insertion areas of the mastication muscles. Thus, as shown in Figure 1, all three nodal degrees of freedom were fixed in the insertion of the masseter muscle in the lower border of the mandible and in the insertion of the medial pterygoid, the middle temporalis, and the lateral pterygoid muscles in the coronoid process.



The load was applied on a 78.5 mm2 circle in the geometric center of the loading plate as a homogenously distributed pressure corresponding to a 240 N load in the Z direction, as shown in Figure 2. The loads were applied gradually to avoid dynamic effects and convergence problems. The automatic time stepping procedure was used for the model CONVENTIONAL RPD to improve the convergence rate.





3. Results


Simulations of both models of IARPD successfully completed all time steps of the computation, whereas the simulation of the CONVENTIONAL RPD stopped at the incremental 66-step, due to excessive deformation of the tissue. Hence, the step 50, corresponding to a 120 N load, was the basis for comparisons among models. These comparisons were based on the qualitative interpretation of the band plots and quantitative analysis of the values of displacement, strain and stress of different element groups at the same load step.



The distribution of values of the three models was statistically analysed using the one-way ANOVA test of the Statistical Package for Social Sciences (SPSS) version 23.0. Post-hoc comparisons were made using the t-test for independent samples with Bonferroni correction. The significance level was set at 0.05.



3.1. Overal Displacements


The CONVENTIONAL RPD model revealed significant displacement in the sagittal plane, particularly noticed on the bottom of the acrylic where the highest absolute values were identified. All displacement occurred in the posterior–anterior direction (towards the natural teeth) and showed the least value in the occlusal surfaces of the acrylic teeth and on the occlusal rests that seat on the premolars Figure 3, with a mean value of −190 ± 36 μm. The same pattern was identified in the IARPD PM model. Nevertheless, comparison of the values registered for the two homologous bands reveals that the displacements in the IARPD PM occur at a scale of hundred times smaller. The mean displacement in the sagittal plane for the IARPD PM model was −6.30 ± 2.33 μm.



In the IARPD MO model, displacements were registered from posterior to anterior with approximation to the remaining teeth (negative values), but also from anterior to posterior, however, most elements showed no displacement (as represented in light green). The highest movement of approximation to the remaining teeth was observed in the clasps and occlusal rests whereas the opposite movement was detected in the portion of the lower border of the acrylic between the abutment tooth and the implant.



Displacement in the Z direction was mainly responsible for the displacement magnitude of the RPDs, accompanying the direction of the applied force, i.e., downwards, in the direction of the underlying soft tissues. For CONVENTIONAL and IARPD PM models there was a noticeable trend of sinking of the acrylic portion of the RPD with displacements increasing with the increase of the distance to the supports (teeth or implant). Despite the similar pattern of vertical displacement of these two models, the tissue ward movement was higher in the CONVENTIONAL RPD model and the difference between models reduced from being 250 times higher in the most anterior portion of the framework and acrylic to 40 times in the distal extreme of the two prostheses. In the IARPD MO model, on the contrary, the least vertical displacement was registered in the region of the implants and the largest displacements in the apical direction were associated with the anterior region, where the framework contacts the abutment teeth. Mean values for the three models were, respectively, −710 ± 84 μm, −14 ± 6.4 μm and −4 ± 0.81 μm. The corresponding maximum values were −900, −28.4 and −5.5 μm.



The magnitude of displacements is plotted in Figure 4. In conformity with the reported magnitudes for the horizontal and vertical displacements, the CONVENTIONAL and IARPD PM models presented similar distributions. Overall, these distributions were symmetrical and f the highest displacement taking place in the acrylic portions, increasing from mesial to the distal free end of the acrylic flange. Though also symmetrical, the IARPD MO model revealed the highest displacements in the most proximal portion of the acrylic and in the clasp assembly and indirect retainer. The lowest displacements were found in the vicinity of the implant attachment.



Statistically significant differences were found between the mean values of displacement of the three groups (p < 0.001), Table 4. Mean values of displacement of the IARPD MO were 4 ± 0.8 μm, ranging from 2 to 6 μms and were significantly lower than any other model. Despite the similarities in distribution of displacements in the CONVENTIONAL and the IARPD PM models, the values of those groups were also statistically different, with means of 730 ± 80 μm and 20 ± 6 μm respectively. Pairwise comparisons of the three models are detailed in Table 5.



Loading of the acrylic portion of the prosthesis induced displacement of the abutment teeth by means of the contact with the framework, through the occlusal and cingulum rests. For the two implant-assisted models the largest component of the displacement was vertical and in the direction of the load, whereas for the CONVENTIONAL RPD model, the largest displacements were consistently distributed between vertical and anterior-posterior, as can be seen in Table 6. In this case, the abutment teeth not only move in the direction of the load but also present tipping towards the edentulous span.



The addition of the implants to the rehabilitation have significantly reduced the magnitude of displacements of the abutment teeth and the lowest displacements were registered in the IARPD MO model.




3.2. Overall Stresses


The stress distribution in the frameworks was different for all three models. The CONVENTIONAL RPD model presented the highest values of effective stress, showing extensive areas with values superior to 10 MPa, as presented in Figure 5a. The mean von Mises stress was 11.3 ± 14 MPa, ranging from 0.8 MPa to 200 MPa. Critical areas were at the direct retainers, namely the rigid portion of the retentive clasp and the minor connectors, as well as the major connector, where the maximum principal stresses are of tensile type, as can be seen in Figure 5b.



In the case of the IARPD PM and IARPD MO models, there was no high stress accumulation in the direct retainers or major connector. The highest stress accumulation was in the interior portion of the matrix and surrounding material, as observed in Figure 6, and, generally, was lower than in the CONVENTIONAL RPD model. For the IARPD PM model, the mean von Mises stress value was 3.04 ± 4.96 MPa, ranging from 462 Pa to 68 MPa, while in the IARPD MO model the von Mises stress value was of 1.81 ± 2.37 MPa, ranging from 651 Pa to 43 MPa. The values distribution of the three models are shown in the box plot graphic presented at Figure 7. One-way ANOVA detected significant differences between models, F(2, 77087) = 8740, p < 0.001. All three models were found to be different in the pairwise comparisons presented at Table 7.





4. Discussion


The present study focused on the evaluation of the stress patterns associated with distal extension removable partial dentures when submitted to static bilateral and homogenous loading of the artificial acrylic teeth. Three models were compared, one featuring a conventional removable partial denture (CONVENTIONAL RPD) and two featuring implant-assisted removable partial dentures, with the implants placed either in the proximal portion (IARPD PM) or in the distal portion of the edentulous areas (IARPD MO). Although some studies addressing the finite element analysis of implant-assisted removable partial dentures have been published [17,18,33,34,35,36], the present work is, according to our knowledge, the first non-linear analysis presenting a three-dimensional comparison with conventional extension base removable partial dentures and also the first evaluating the effect of implant position on stress and strain on a patient-based 3-D mandibular model.



The 3-D nature of the CONVENTIONAL RPD model of this study provided a better understanding of the mechanics of the conventional extension base RPDs when occluding the acrylic portion of the prosthesis. Moreover, the patient-based construction method together with the geometric complexity associated with the model and the specific material characteristics also allowed pairing with the clinical phenomena taking place in Kennedy class I denture wearers, even though no intra-oral or clinical measurements were taken as part of a validation procedure. The similarity of the tissueward displacements of the denture base at the CONVENTIONAL RPD model with those visually detected by Jorge et al. [37] and Frank et al. [38] contributes to the proximity of the FEM results and those reported in clinical and experimental studies. It is the case of the maximum vertical displacements of the framework and denture base of 0.5 mm (500 μm) observed in the CONVENTIONAL RPD model that is in line with the 400 μm reported by Jin et al. [39] for the posterior portion of unilateral extension RPDs and superior, but concordant, with the 250 μm registered for a similar maxillary prosthesis [40].



The pattern, the consistency and the magnitude of the displacements registered to the buccal, mesial and apical directions were not unexpected for a prosthesis with non-rigid retainers. The clasp systems applied to the abutment teeth are usually designed to have a stress-releasing effect, allowing the tissueward rotation of the RPD bases around the axis passing through the occlusal rests, without torqueing the clasped teeth. When the distal extension base is loaded, the occlusal rests of the prosthesis act as hinge support, resisting vertical and horizontal loads, but are unable to resist to the moment generated by the vertical loads. Therefore, the prosthesis and tooth ensemble can be interpreted as a Euler-Bernoulli beam problem [41,42], represented in Figure 8.



In the correspondence of mandibular Kennedy class I patients rehabilitated with CONVENTIONAL RPDs to a classic mechanics problem, the angle of rotation of the prosthesis can be related to the cross-section rotation angle ( θ ) of a cantilever beam and the vertical displacements, in any cross-section of the acrylic, can be given by the deflection of the Euler beam at any point in the y axis by [42]:   w ( y ) =   q  y 2   /  24 E I    (   y 2  + 6  ℓ 2  − 4 ℓ y  )   , where q is the load applied,   E I   is the beam bending stiffness and  ℓ  is the total length of the beam. Similarly, the vertical displacement of the acrylic base in the CONVENTIONAL RPD depends on the axial position of the acrylic section and increases as we move away from the support at the occlusal rests. This effect explains the increasing vertical displacement of the CONVENTIONAL RPD from the mesial to the distal portion of the acrylic base, where the maximum displacement is registered.



This interpretation of the variation of displacement can also be applied to the IARPD PM model. The implant–matrix assembly placed in the mesial portion of the edentulous span acts, also, as a hinge support while the remaining section of the acrylic is unsupported. Differences in the magnitude of displacements of the CONVENTIONAL RPD and IARPD PM models are related to the rigidity of the supports. In fact, due to the stress-releasing properties of the direct retainers applied on the abutment teeth, in the CONVENTIONAL RPD the support is non-rigid whereas in the IARPD PM there is a rigid support, resulting from the ball attachment-matrix assembly, that blocks the free rotation of the framework and acrylic (Figure 9), but still allows deflection under occlusal load.



This explains not only the reduction of displacement towards the underlying mucosa, but also why the reduction of the displacement is higher in the most anterior portion of the acrylic and in the direct retainers (250 times) than at the most distal portion of the acrylic (40 times), inferred from the proportion between scales of vertical displacements plotted for the two models in Figure 4. The pattern of displacement of the IARPD MO model differs from those previously described, due to the different positioning of the rigid support, Figure 10.



The direct retainers and the ball attachment–matrix assembly act as non-rigid and rigid supports for the extension base, respectively. Loading of the acrylic portion of the IARPD, in this situation, is comparable to loading a simple supported beam, that is, a beam that is supported at both ends. The higher rigidity of the system leads to the modification of the pattern of displacements and to a reduction higher than 100-fold of the mean vertical displacement of the acrylic elements on the CONVENTIONAL RPD model (−710 ± 84 μm in the CONVENTIONAL vs. −4 ± 0.81 μm in the IARPD MO). The highest displacement of the prosthesis of the IARPD MO model is therefore registered in the acrylic middle span, between the direct retainers of the framework, where the support is non-rigid allowing some free movements, and between the support provided by the implant (rigid), as simplified in Figure 10. Such effect was also reported by Shahmiri at al. [34,35]. The present study registered the smallest displacements in the region of the abutment–matrix contact, where the highest rigidity is provided to the system, which was appointed by the aforementioned authors in other publication as possible points of rotation [34].



The different patterns of displacement generate different stress distributions on the framework of the prosthesis in the three models. The highest stresses concentrate in the areas of the framework with the lowest possibility of movement, that is the areas of support, either non-rigid in the CONVENTIONAL RPD model, provided by the direct retainers, or rigid in the IARPD PM and IARPD MO models, provided by the ball attachment-matrix contact. In the framework of the CONVENTIONAL RPD model more than 25% of the equivalent von Mises stress values were superior to 1 MPa, and values over 20 MPa rising to 200 MPa spread through the direct retainers (clasps and occlusal rests), minor connectors and major connector. This distribution of von Mises stresses in the CONVENTIONAL RPD model is consistent with the areas where most of the technical problems are detected in the re-examination of denture-wearing patients, which include loss of retention of the clasps due to permanent deformation, as well as their fracture, and deformation of the minor and major connectors. The correspondence between these two findings is particularly perceptible in the clasps, which are associated with a large fraction of all technical failures and, simultaneously, present high tensile stresses, namely in the transition from the non-flexible to the flexible portion of the clasp. The clasps may lose retention force, because of multiple deflections, and present gradual loss of elasticity [43]. Experimental studies point to permanent deformation or fracture of chromium–cobalt specimens with at least 0.5 mm deflection after a limited number of cycles, ranging from 20,000 to 30,000 [44,45,46]. In these specimens, fracture location is in close relation to the areas with the highest tensile stress distribution [46] and is concordant with the results obtained in the present study for the CONVENTIONAL RPD model.



The installation of implants in the edentulous areas to promote support and retention to the RPD resulted in a 3 and 6-fold reduction in the mean equivalent stress in the frameworks of the IARPD PM and IARPD MO models, respectively. Modelling of these implant-assisted cases was conducted on no other design modification than the addition of the matrix to the framework, which led to transferal of stress from the direct retainers and minor connectors to the matrix, where the connection to the implant was modelled as rigid. This stress distribution across the framework differs from that reported by Shahmiri & Das [47] because of the different geometries studied. Those authors did not incorporate the attachment matrix within the framework therefore, the stress distribution resembled that of a conventional removable partial denture, where in the minor connectors remain the most stressed areas. Nevertheless, clinical studies on implant-assisted removable partial dentures are consistent with our results, reporting a reduction of prosthodontic events in the retainers and simultaneously greater need for maintenance associated with the implant-related components, the patrix and matrix, where the finite element analysis revealed higher stress accumulation [48,49]. In a retrospective study with a mean follow-up of 8 years (ranging from 3 to 16 years) of patients rehabilitated with implant-assisted removable partial dentures to replace three teeth at both mandible sides, Jensen et al. [50] compared a cohort of patients with implants placed anteriorly, in the position of the premolars, and a cohort of patients with implants placed posteriorly, in the position of the second molars. The authors reported higher rate of technical failures associated with the implant assisted removable partial dentures with support in the premolars, yet overall, relatively low.



The differences in prosthodontic performance between premolar and molar implant support could be associated not only with stress distribution in the two frameworks, as identified in the finite element analysis, but also with the type of forces developing within the structure. In fact, the IARPD MO model presents virtually no areas of equivalent stresses superior to 20 MPa (Figure 6b), while such stresses spread around the matrix of the IARPD PM model, represented as red areas in Figure 6a, but the mechanical disposition of the system might be the most important factor to consider. Indeed, when considering the adaptation of the Euler–Bernoulli beam problem, the three models generate different shear forces and bending moments in the supports (teeth and implants) and framework of mandibular extension base removable partial dentures either under concentrated or distributed loads. The use of dental implants to promote support to the framework promotes a significant reduction of the disrupting forces acting within the structure of the framework transversally to the occlusal plane, that is, the shear forces, but the effect is modified according to the position of the implant within the edentulous area, as depicted in Figure 11.



This is a similar observation to that described in the theoretical study of Oh et al. (2016). The authors reported that the peak shear forces are higher when the extension bases receive no additional implant support (CONVENTIONAL RPD model) and the least when the implant is placed distally in the edentulous span, which corresponds to the IAPRPD MO model, with a significant reduction in value of more than 90%. It is interesting to notice that in the IARPD PM model the shear forces invert the signal in the section corresponding to the implant support. Accordingly, the reaction of the structure to the bending effect of the occlusal forces (bending moment) is maximum at the implant in the IARPD PM model, indicating not only a critical point of the structure that undergoes simultaneous compressive and tensile stress but also that the implant supports most of the applied load (Figure 12).



In fact, this peak value of the bending moment could be responsible for the higher deformations in the implants in the IARPD PM model. In this case, the most anterior portion of the structure, corresponding to the span of an overhanging beam delimited by the tooth and the implant, undergoes hogging, i.e., is subjected to tensile stress. Simultaneously, the unsupported portion of the structure undergoes sagging, that is, is subjected to compressive stress. These simultaneous effects translate into a negative bending moment on the first portion of the structure/framework, which is maximum (in absolute) over the implant (rigid support), and that explains the deflection of the ball attachment towards the distal side (towards the portion of the denture that has mucosal support). Successive cycles of deflection of the ball attachment due to loading of the prosthesis result in stress fatigue of the ball attachment, increasing the susceptibility technical problems [51], either in the attachments or in the frameworks and implants of IARPD prosthesis with implants placed anteriorly.



The hogging effect in the anterior portion of the structure in the IARPD PM model is also responsible for the opposing forces acting at the abutment tooth and implant. The counterforce acting on the abutment tooth (downwards arrow) reflects the tensile nature of the resultant forces acting over that support, i.e., the tooth is “pulled” upwards in the contact areas between the reciprocal arm of the retentive clasp and the lingual surface of the premolars. A similar effect, presented by Chen et al. [30], was found for the two most anterior/mesial implants in 4-implant overdentures for the rehabilitation of complete edentulous mandibles. The authors report that the anterior/mesial implants experience pull-out tensile forces to balance the bending moment at the posterior/distal implants. Conversely, in the schematic representation of the IARPD MO model the shear force is maximum at the implant support (Figure 12, represented in c) but the bending moment is null (Figure 12b). As observed in the deformed representation (Figure 10), the whole span between supports is bent due to the applied vertical distributed load and the maximum bending moment is approximately at the midpoint of the span. It is easily possible to infer that the wider the span, the greater the sagging effect of the structure and the higher the risk of failure, which should be considered in the case of extensive edentulism, namely when 4 teeth are missing per edentulous span.



Limitations of the present work are mainly related to the nature of the study and possibility of transposition to the clinical setting. For instance, in this study the behavior of RPDs in the oral cavity was simulated assuming that the framework and abutment teeth were not rigidly bonded, allowing sliding, whereas the ball attachment and the matrix incorporated in the framework were rigidly attached, ensuring a total transmission of loads from the contactor to the target surfaces. This was a technical option to improve convergence of results and approximation accuracy but limited the possibility of free rotation around the ball attachment which is clinically observed [52,53,54] when the acrylic teeth are loaded. Future research should address other parameters that might change the magnitude of all effects emphasized in this work, namely the type of attachment system, the height of the corresponding abutment [55,56,57] and the type of implant (one or two-piece). Notwithstanding this, it is very clear that the addition of one implant to the denture bearing areas, regardless of the position, is paramount for the reduction of the displacements of the prosthesis and, consequently, of the abutment teeth mobility.




5. Conclusions


Within the limitations of a static finite element analysis, it is possible to conclude that the loading of conventional Kennedy class I RPDs leads to significant vertical displacement of the extension bases towards the underlying soft tissues, like a cantilever beam under flexion. The installation of a dental implant in each of the bilateral edentulous regions to provide support and retention to the extension bases of the RPD significantly reduces the vertical and anterior-posterior displacements, regardless of the position. However, implant-assisted removable partial dentures (IARPDs) with the implant placed in the most mesial/anterior position, adjacent to the abutment teeth retain a pattern of displacements comparable to that of the conventional RPDs. In the conventional RPDs the areas of the highest effective stress of the frameworks spread through the direct retainers, auxiliary rests and major connector. In the IARPDs the highest stress accumulation is shifted to the interior portion of the matrix and surrounding material, regardless of the implant position. The lowest effective stress of the framework is obtained with the implant in the most distal/posterior position. The findings of this work might be used for helping the design of implant assisted removable partial dentures (IARPDs).







Author Contributions


Conceptualization, P.N.; methodology, P.N. and M.A.N.; software, A.M., V.M.L. and M.A.N.; validation, A.M., M.A.N. and A.M.A.; writing—original draft preparation, A.M.; writing—review and editing, M.A.N., P.N. and A.M.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was sponsored by FEDER funds through the program COMPETE–Programa Operacional Factores de Competitividade–and by national funds through FCT–Fundação para a Ciência e a Tecnologia, under the project UIDB/00285/2020 and under a PhD fellowship from the Portuguese awarded to Ana Messias (SFRH/BD/82442/2011).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wostmann, B.; Budtz-Jorgensen, E.; Jepson, N.; Mushimoto, E.; Palmqvist, S.; Sofou, A.; Öwall, B. Indications for removable partial dentures: A literature review. J. Prosthet. Dent. 2006, 95, 70. [Google Scholar] [CrossRef]

	



Rehmann, P.; Orbach, K.; Ferger, P.; Wöstmann, B. Treatment Outcomes with Removable Partial Dentures: A Retrospective Analysis. Int. J. Prosthodont. 2013, 26, 147–150. [Google Scholar] [CrossRef] [PubMed]

	



Koyama, S.; Sasaki, K.; Yokoyama, M.; Sasaki, T.; Hanawa, S. Evaluation of factors affecting the continuing use and patient satisfaction with removable partial dentures over 5 years. J. Prosthodont. Res. 2010, 54, 97–101. [Google Scholar] [CrossRef] [PubMed]

	



Shaghaghian, S.; Taghva, M.; Abduo, J.; Bagheri, R. Oral health-related quality of life of removable partial denture wearers and related factors. J. Oral Rehabil. 2015, 42, 40–48. [Google Scholar] [CrossRef] [PubMed]

	



Moldovan, O.; Rudolph, H.; Luthardt, R.G. Biological complications of removable dental prostheses in the moderately reduced dentition: A systematic literature review. Clin. Oral Investig. 2018, 22, 2439–2461. [Google Scholar] [CrossRef]

	



Pellecchia, M.; Pellecchia, R.; Emtiaz, S. Distal extension mandibular removable partial denture connected to an anterior fixed implant-supported prosthesis: A clinical report. J. Prosthet. Dent. 2000, 83, 607–612. [Google Scholar] [CrossRef]

	



Chronopoulos, V.; Sarafianou, A.; Kourtis, S. The Use of Dental Implants in Combination with Removable Partial Dentures. A Case Report. J. Esthet. Restor. Dent. 2008, 20, 355–364. [Google Scholar] [CrossRef]

	



Fugazzotto, P.A.; Lightfoot, W.S. Maximizing treatment outcomes with removable partial prosthesis through the inclusion of implants and locator attachments. J. Mass. Dent. Soc. 2010, 59, 20–22. [Google Scholar]

	



Kim, J.H.; Lee, J.H. An implant-supported removable partial denture on milled bars to compromise the inadequate treatment plan: A clinical report. J. Adv. Prosthodont. 2010, 2, 58–60. [Google Scholar] [CrossRef]

	



Pimentel, M.J.; Arréllaga, J.P.; Bacchi, A.; Del Bel Cury, A.A. The Use of Implants to Improve Removable Partial Denture Function. J. Indian Prosthodont. Soc. 2014, 14, 243–247. [Google Scholar] [CrossRef]

	



Bortolini, S.; Natali, A.; Franchi, M.; Coggiola, A.; Consolo, U. Implant-Retained Removable Partial Dentures: An 8-Year Retrospective Study. J. Prosthodont. 2011, 20, 168–172. [Google Scholar] [CrossRef] [PubMed]

	



Grossmann, Y.; Nissan, J.; Levin, L. Clinical Effectiveness of Implant-Supported Removable Partial Dentures-A Review of the Literature and Retrospective Case Evaluation. J. Oral Maxillofac. Surg. 2009, 67, 1941–1946. [Google Scholar] [CrossRef] [PubMed]

	



Ohkubo, C.; Kurihara, D.; Shimpo, H.; Suzuki, Y.; Kokubo, Y.; Hosoi, T. Effect of implant support on distal extension removable partial dentures: In vitro assessment. J. Oral Rehabil. 2007, 34, 52–56. [Google Scholar] [CrossRef]

	



Maeda, Y.; Sogo, M.; Tsutsumi, S. Efficacy of a posterior implant support for extra shortened dental arches: A biomechanical model analysis. J. Oral Rehabil. 2005, 32, 656–660. [Google Scholar] [CrossRef] [PubMed]

	



Huang, H.L.; Hsu, J.T.; Fuh, L.J.; Tu, M.G.; Ko, C.C.; Shen, Y.W. Bone stress and interfacial sliding analysis of implant designs on an immediately loaded maxillary implant: A non-linear finite element study. J. Dent. 2008, 36, 409–417. [Google Scholar] [CrossRef]

	



Del’Arco Pignatta Cunha, L.; Pellizzer, E.P.; Verri, F.R.; Pereira, J.A. Evaluation of the influence of location of osseointegrated implants associated with mandibular removable partial dentures. Implant Dent. 2008, 17, 278–287. [Google Scholar] [CrossRef]

	



Memari, Y.; Geramy, A.; Fayaz, A.; Rezvani Habib Abadi, S.; Mansouri, Y.; Rezvani Habib Abadi, S. Influence of Implant Position on Stress Distribution in Implant-Assisted Distal Extension Removable Partial Dentures: A 3D Finite Element Analysis; Tehran University of Medical Sciences: Tehran, Iran, 2014; Volume 11. [Google Scholar]

	



Eom, J.W.; Lim, Y.J.; Kim, M.J.; Kwon, H.B. Three-dimensional finite element analysis of implant-assisted removable partial dentures. J. Prosthet. Dent. 2017, 117, 735–742. [Google Scholar] [CrossRef]

	



Cicciù, M.; Cervino, G.; Milone, D.; Risitano, G. FEM investigation of the stress distribution over mandibular bone due to screwed overdenture positioned on dental implants. Materials 2018, 11, 1512. [Google Scholar] [CrossRef]

	



Park, S.M.; Park, S.; Shin, S.; Lee, H.; Ahn, S.J.; Kim, L.; Lee, S.H.; Noh, G. Designing a mandibular advancement device with topology optimization for a partially edentulous patient. J. Prosthet. Dent. 2020, 123, 850–859. [Google Scholar] [CrossRef]

	



Chagnon, G.; Rebouah, M.; Favier, D.; Chagnon, G.; Rebouah, M.; Favier, D. Hyperelastic Energy Densities for Soft Biological Tissues: A Review. Hyperelastic Energy Densities Soft Biol. Tissues A Rev. J. Elast. 2015, 120, 129–160. [Google Scholar] [CrossRef]

	



Ogden, R.W. Nonlinear Elasticity with Application to Material Modelling; Centre of Excellence for Advanced Materials and Structures: Hong Kong, China, 2003. [Google Scholar]

	



Ogden, R.W.; Saccomandi, G.; Sgura, I. Fitting hyperelastic models to experimental data. Comput. Mech. 2004, 34, 484–502. [Google Scholar] [CrossRef]

	



Schwartz-Dabney, C.L.; Dechow, P.C. Edentulation alters material properties of cortical bone in the human mandible. J. Dent. Res. 2002, 81, 613–617. [Google Scholar] [CrossRef]

	



Rapoff, A.J.; Rinaldi, R.G.; Hotzman, J.L.; Daegling, D.J. Elastic modulus variation in mandibular bone: A microindentation study ofMacaca fascicularis. Am. J. Phys. Anthropol. 2008, 135, 100–109. [Google Scholar] [CrossRef]

	



Odin, G.; Savoldelli, C.; Bouchard, P.O.; Tillier, Y. Determination of Young’s modulus of mandibular bone using inverse analysis. Med. Eng. Phys. 2010, 32, 630–637. [Google Scholar] [CrossRef]

	



Schwartz-Dabney, C.L.; Dechow, P.C. Variations in cortical material properties throughout the human dentate mandible. Am. J. Phys. Anthropol. 2003, 120, 252–277. [Google Scholar] [CrossRef]

	



Zhang, Y.R.; Du, W.; Zhou, X.D.; Yu, H.Y. Review of research on the mechanical properties of the human tooth. Int. J. Oral Sci. 2014, 6, 61–69. [Google Scholar] [CrossRef]

	



Shahmiri, R.; Aarts, J.M.; Bennani, V.; Das, R.; Swain, M.V. Strain distribution in a Kennedy class i implant assisted removable partial denture under various loading conditions. Int. J. Dent. 2013, 2013, 351279. [Google Scholar] [CrossRef]

	



Chen, J.; Ahmad, R.; Suenaga, H.; Li, W.; Swain, M.; Li, Q. A comparative study on complete and implant retained denture treatments—A biomechanics perspective. J. Biomech. 2015, 48, 512–519. [Google Scholar] [CrossRef]

	



Natali, A.N.; Carniel, E.L.; Pavan, P.G. Constitutive modelling of inelastic behaviour of cortical bone. Med. Eng. Phys. 2008, 30, 905–912. [Google Scholar] [CrossRef]

	



Nishihira, M.; Yamamoto, K.; Sato, Y.; Ishikawa, H.; Natali, A.N. Mechanics of periodontal ligament m nishihira, k yamamoto, y sato, h ishikawa, an natali. In Dental Biomechanics; CRC Press: Boca Raton, FL, USA, 2003; pp. 38–52. [Google Scholar]

	



Shahmiri, R.; Aarts, J.M.; Bennani, V.; Atieh, M.A.; Swain, M.V. Finite element analysis of an implant-assisted removable partial denture. J. Prosthodont. 2013, 22, 550–555. [Google Scholar] [CrossRef]

	



Shahmiri, R.; Das, R.; Aarts, J.M.; Bennani, V. Finite element analysis of an implant-assisted removable partial denture during bilateral loading: Occlusal rests position. J. Prosthet. Dent. 2014, 112, 1126–1133. [Google Scholar] [CrossRef]

	



Shahmiri, R.; Das, R. Finite element analysis of implant-assisted removable partial dentures: Framework design considerations. J. Prosthet. Dent. 2017, 118, 177–186. [Google Scholar] [CrossRef]

	



Park, J.; Ahn, S.-J.; Lee, H.; Noh, G. Implant placement in the removable mandibular advancement device for completely edentulous patients: A finite element study. J. Comput. Des. Eng. 2020, 2020, 1–9. [Google Scholar] [CrossRef]

	



Jorge, J.H.; Quishida, C.C.C.; Vergani, C.E.; Machado, A.L.; Pavarina, A.C.; Giampaolo, E.T. Clinical evaluation of failures in removable partial dentures. J. Oral Sci. 2012, 54, 337–342. [Google Scholar] [CrossRef]

	



Frank, R.P.; Brudvik, J.S.; Noonan, C.J. Clinical outcome of the altered cast impression procedure compared with use of a one-piece cast. J. Prosthet. Dent. 2004, 91. [Google Scholar] [CrossRef]

	



Jin, X.; Sato, M.; Nishiyama, A.; Ohyama, T. Influence of loading positions of mandibular unilateral distal extension removable partial dentures on movements of abutment tooth and denture base. J. Med. Dent. Sci. 2004, 51, 155–163. [Google Scholar]

	



Itoh, H.; Baba, K.; Aridome, K.; Okada, D.; Tokuda, A.; Nishiyama, A.; Miura, H.; Igarashi, Y. Effect of direct retainer and major connector designs on RPD and abutment tooth movement dynamics. J. Oral Rehabil. 2008, 35, 810–815. [Google Scholar] [CrossRef]

	



Labuschagne, A.; van Rensburg, N.F.J.; van der Merwe, A.J. Comparison of linear beam theories. Math. Comput. Model. 2009, 49, 20–30. [Google Scholar] [CrossRef]

	



Neto, M.A.; Amaro, A.; Luis, R.; Cirne, J.; Leal, R. Engineering Computation of Structures: The Finite Element Method; Springer: Cham, Switzerland, 2015; ISBN1 9783319177106. ISBN2 9783319177090. [Google Scholar]

	



Helal, M.A.; Baraka, O.A.; Sanad, M.E.; Al-Khiary, Y.; Ludwig, K.; Kern, M. Effect of Clasp Design on Retention at Different Intervals Using Different Abutment Materials and in a Simulated Oral Condition. J. Prosthodont. 2014, 23, 140–145. [Google Scholar] [CrossRef]

	



Vallittu, P.K.; Kokkonen, M. Deflection fatigue of cobalt-chromium, titanium, and gold alloy cast denture clasp. J. Prosthet. Dent. 1995, 74, 412–419. [Google Scholar] [CrossRef]

	



Lassila, L.V.; Vallittu, P.K. Effect of water and artificial saliva on the low cycle fatigue resistance of cobalt-chromium dental alloy. J. Prosthet. Dent. 1998, 80, 708–713. [Google Scholar] [CrossRef]

	



Mahmoud, A.; Wakabayashi, N.; Takahashi, H.; Ohyama, T. Deflection fatigue of Ti-6Al-7Nb, Co-Cr, and gold alloy cast clasps. J. Prosthet. Dent. 2005, 93, 183–188. [Google Scholar] [CrossRef]

	



Shahmiri, R.; Das, R. Finite Element Analysis of Implant-Assisted Removable Partial Denture Attachment with Different Matrix Designs During Bilateral Loading. Int. J. Oral Maxillofac. Implants 2016, 31, e116–e127. [Google Scholar] [CrossRef]

	



Mijiritsky, E.; Lorean, A.; Mazor, Z.; Levin, L. Implant Tooth-Supported Removable Partial Denture with at Least 15-Year Long-Term Follow-Up. Clin. Implant Dent. Relat. Res. 2015, 17, 917–922. [Google Scholar] [CrossRef]

	



Payne, A.G.T.; Tawse-Smith, A.; Wismeijer, D.; De Silva, R.K.; Ma, S. Multicentre prospective evaluation of implant-assisted mandibular removable partial dentures: Surgical and prosthodontic outcomes. Clin. Oral Implants Res. 2017, 28, 116–125. [Google Scholar] [CrossRef]

	



Jensen, C.; Meijer, H.J.A.; Raghoebar, G.M.; Kerdijk, W.; Cune, M.S. Implant-supported removable partial dentures in the mandible: A 3–16 year retrospective study. J. Prosthodont. Res. 2017, 61, 98–105. [Google Scholar] [CrossRef]

	



Bonfante, E.A.; Coelho, P.G. A Critical Perspective on Mechanical Testing of Implants and Prostheses. Adv. Dent. Res. 2016, 28, 18–27. [Google Scholar] [CrossRef]

	



Alsabeeha, N.; Payne, A.G.T.; De Silva, R.K.; Swain, M.V. Mandibular single-implant overdentures: A review with surgical and prosthodontic perspectives of a novel approach. Clin. Oral Implants Res. 2009, 20, 356–365. [Google Scholar] [CrossRef]

	



Cicciù, M.; Cervino, G.; Milone, D.; Risitano, G. FEM analysis of dental implant-abutment interface overdenture components and parametric evaluation of Equator® and Locator® prosthodontics attachments. Materials 2019, 12, 592. [Google Scholar] [CrossRef]

	



Nogawa, T.; Saito, M.; Murashima, N.; Takayama, Y.; Yokoyama, A. Influence of rigidity of retainers on dynamic behavior of implant-supported removable partial dentures. Int. J. Implant Dent. 2020, 6, 60. [Google Scholar] [CrossRef]

	



Spinato, S.; Stacchi, C.; Lombardi, T.; Bernardello, F.; Messina, M.; Zaffe, D. Biological width establishment around dental implants is influenced by abutment height irrespective of vertical mucosal thickness: A cluster randomized controlled trial. Clin. Oral Implants Res. 2019, 30, 649–659. [Google Scholar] [CrossRef]

	



Spinato, S.; Stacchi, C.; Lombardi, T.; Bernardello, F.; Messina, M.; Dovigo, S.; Zaffe, D. Influence of abutment height and vertical mucosal thickness on early marginal bone loss around implants: A randomised clinical trial with an 18-month post-loading clinical and radiographic evaluation. Int. J. Oral Implantol. 2020, 13, 279–290. [Google Scholar]

	



Ohyama, T.; Nakabayashi, S.; Yasuda, H.; Kase, T.; Namaki, S. Mechanical analysis of the effects of implant position and abutment height on implant-assisted removable partial dentures. J. Prosthodont. Res. 2020, 64, 340–345. [Google Scholar] [CrossRef]








[image: Applsci 11 00659 g001 550] 





Figure 1. Boundary conditions applied to the model as all degrees of freedom fixity of the nodes located at the theoretical insertion of the mastication muscles masseter, middle temporalis and medial pterygoid, as well as complete fixity of the condyles. 
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Figure 2. Loading conditions applied to all three models as a uniform pressure equivalent to a 240 N force along the Z direction (purely vertical), applied to a 78.5 mm2 circle in the geometric center of the loading plate, designed by CAD for perfect fitting to the occlusal surfaces of the acrylic teeth. 
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Figure 3. Band plot of the displacement in the Y direction for the three models analysed: CONVENTIONAL Removable partial denture (RPD) (left), implant-assisted removable partial denture) IARPD PM (center), IARPD MO (right). Non-matching colour scales. Homologous bands of the CONVENTIONAL RPD and IARPD PM models have 100 times discrepancy in values. 
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Figure 4. Distribution of the global displacements of the elements in each of the three models: CONVENTIONAL RPD (left), IARPD PREMOLARS (center), IARPD MOLARS (right). Non-matching colour scales. Homologous bands of the CONVENTIONAL RPD and IARPD PM models have 100 times discrepancy in values. 
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Figure 5. Smoothed stresses distribution on the framework of the CONVENTIONAL RPD model: (a) von Mises stress, bottom view on the left, top view on the right; (b) principal stresses in the direct retainer, with all non-purple colors representing tensile stresses and the areas in pink with values superior to 100 MPa. 
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Figure 6. Smoothed von Mises stress distribution: (a) IARPD PM model, bottom view on the left, top view on the right; (b) IARPD MO model, bottom view on the left, top view on the right. 
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Figure 7. Boxplot of the von Mises stress values within the framework of each model. Lines inside the box mark the median value. 
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Figure 8. Representative images of the unilateral extension base of a removable partial denture as a modified cantilever beam Euler–Bernoulli problem: (a) The tooth represents the hinge support, allowing free rotation of the cantilever portion of the beam; The springs represent the vertical resistance promoted by the soft tissue underlying the extension base of the RPD; Occlusal load as distributed load exclusively over the replacement teeth. (b) Schematic representation of the pattern of vertical displacement occurring in each of the extension bases of a Kennedy Class I removable partial denture as a cantilever beam Euler–Bernoulli problem. 
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Figure 9. Representation of the IARPD PREMOLARS model as a cantilever beam with a non-rigid support in the abutment tooth and a rigid support in the implant. (a) Springs represent the vertical resistance promoted by the soft tissues and the occlusal load is distributed exclusively over the replacement teeth. (b) Schematic representation of the pattern of vertical displacement occurring in each of the extension bases of an implant-assisted Kennedy Class I RPD with mesial support as a modified cantilever beam Euler–Bernoulli problem. 
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Figure 10. Representation of the IARPD MOLARS model as a simple supported beam with a non-rigid support in the abutment tooth and a rigid support in the implant. (a) Springs represent the vertical resistance promoted by the soft tissues and the occlusal load is distributed exclusively over the replacement teeth. (b) Schematic representation of the pattern of vertical displacement occurring in each of the extension bases of an implant-assisted Kennedy Class I RPD with distal support as a simple supported beam Euler–Bernoulli problem. 
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Figure 11. Shear force diagrams for the three simplified models tested: (a) CONVENTIONAL RPD; (b) IARPD PM; (c) IARPD MO. A higher magnitude is observed in the CONVENTIONAL RPD model and throughout the beam in representation of the metallic framework, diminishing with the approximation of the free end, where the shear force is null. A similar behavior is observed for the IARPD PM model from the most rigid retention element, the implant, to the free end at the right portion of the beam. As in a simple supported beam with uniformly distributed load, the shear forces in the IARPD MO model equal the vertical forces of the reaction at the supports, though opposite in the support at the right portion of the beam. 
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Figure 12. Bending moment diagram for the simplified IARPD models. (a) At the PM model the loading of the acrylic teeth promotes hogging of the structure in the most anterior portion, which is represented as negative bending moment. Maximum bending moment (absolute value) takes place at the rigid connection between the ball attachment and the matrix inserted in the prosthesis. The reaction of the oral mucosa to the load applied over the acrylic teeth promotes sagging of the most distal portion of the structure, which is represented as a positive bending moment in the diagram. The abutment tooth is subjected to tension and the implant to compression. (b) At the MO model the loading of the acrylic teeth promotes sagging of all non-supported, which is represented as positive bending moment. Maximum bending moment (absolute value) takes place approximately at the midpoint of the acrylic base. Both supports are subjected to compression forces. 
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Table 1. Description of the length of element edge attributed to each body and the refinement areas.
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	Body
	Length (mm)
	Refinement Zone (mm)





	Cortical bone
	1
	Implants region (0.5)

Alveolus region (0.25)



	Cancellous bone
	1
	Implants region (0.5)



	Teeth
	0.5
	Root length (0.25)



	Loading Plate
	1
	Acrylic contact region (0.5)



	Soft tissue
	0.5
	-



	Implants
	0.5
	-



	Acrylic
	0.5
	-



	Framework
	0.5
	-



	Periodontal Ligament
	0.25
	-
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Table 2. Description of the total number of elements and nodes per model.
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	Conventional
	IARPD PM
	IARPD MO





	Elements
	871,851
	889,884
	857,671



	Nodes
	506,375
	472,936
	478,075
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Table 3. Mechanical properties of the isotropic linear elastic materials.
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	Material
	Young’s Modulus (GPa)
	Poisson’ Ratio





	Cortical Bone
	20.0 [24,25,26]
	0.30



	Cancellous bone
	1.37 [24,27]
	0.30



	Teeth (dentin)
	13.0 [28]
	0.37



	Chromium-cobalt
	211 [29]
	0.30



	Acrylic
	2.20 [29]
	0.31



	Titanium grade 4
	110
	0.32



	Stainless steel
	180
	0.30
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Table 4. Mean values and range of the magnitude of displacement of each model. Statistical analysis with one-way ANOVA. SD- standard deviation; min- minimum; max- maximum.






Table 4. Mean values and range of the magnitude of displacement of each model. Statistical analysis with one-way ANOVA. SD- standard deviation; min- minimum; max- maximum.





	
Model

	
Mean ± SD (μm)

	
Range (Min-Max)

	
ANOVA






	
Conventional RPD

	
730.0 ± 80

	
530–910

	
F(2, 320686) = 7825410, p < 0.001




	
IARPD PM

	
20.0 ± 6.0

	
3–30




	
IARPD MO

	
4.0 ± 0.8

	
2–6
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Table 5. Mean differences in the magnitude of displacement of the prosthesis (framework and acrylic) between pairs of models. Statistical analysis with two sample t-tests, assuming unequal variances and Bonferroni correction. 95% CI−95% confidence interval for the difference.






Table 5. Mean differences in the magnitude of displacement of the prosthesis (framework and acrylic) between pairs of models. Statistical analysis with two sample t-tests, assuming unequal variances and Bonferroni correction. 95% CI−95% confidence interval for the difference.





	Pair
	Mean Difference (μm)
	95% CI
	p Value





	Conventional RPD/IARPD PM
	718
	(717,718)
	<0.001



	Conventional RPD/IARPD MO
	730
	(729–731)
	<0.001



	IARPD PM/IARPD MO
	12
	(11–13)
	<0.001
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Table 6. Displacements of the abutment teeth in all three directions, X, Y and Z, corresponding to lingual–buccal, posterior–anterior and vertical, respectively, and the corresponding magnitude. Mean ± SD (Min–Max) (μm).






Table 6. Displacements of the abutment teeth in all three directions, X, Y and Z, corresponding to lingual–buccal, posterior–anterior and vertical, respectively, and the corresponding magnitude. Mean ± SD (Min–Max) (μm).





	Model
	Ling.-Buc.
	Post.-Ant.
	Vertical
	Magnitude





	Conventional RPD
	2.2 ± 9.0

(−33.6 to 39.7)
	−14.4 ± 16.9

(−104.4 to 24.0)
	12.0 ± 5.2

(−40.2 to −1.0)
	22.4 ± 15.7

(6.5 to 110.0)



	IARPD PM
	0.4 ± 0.1

(0.08 to 0.7)
	−4.4 ± 1.2

(−7.8 to −1.5)
	−9.8 ± 0.8

(−12 to −7.9)
	10.9 ± 0.9

(9.1 to 13.8)



	IARPD MO
	0.1 ± 0.5

(−1.0 to 1.6)
	−0.5 ± 0.05

(−2.2 to 0.5)
	−2.2 ± 0.4

(−3.2 to −1.3)
	2.3 ± 0.4

(1.3 to 3.3)
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Table 7. Mean differences in the von Mises stress of the chromium-cobalt framework between pairs of models. Statistical analysis with two sample t-tests, assuming equal variances and Bonferroni correction. 95% CI- 5% confidence interval for the difference.






Table 7. Mean differences in the von Mises stress of the chromium-cobalt framework between pairs of models. Statistical analysis with two sample t-tests, assuming equal variances and Bonferroni correction. 95% CI- 5% confidence interval for the difference.





	Pair.
	Mean Difference (MPa)
	95% CI
	p Value





	Conventional RPD/IARPD PM
	8.23
	[8.07–8.41]
	<0.001



	Conventional RPD/IARPD MO
	9.46
	[9.31–9.61]
	<0.001



	IARPD PM/IARPD MO
	1.2
	[1.05–13.92]
	<0.001
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