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Abstract

:

This study was performed as an adjunct to an existing clinical study to validate the effect of veneer: framework thickness ratio on stress distribution in an implant-supported all-ceramic fixed partial denture. Two commercially available titanium dental implants with corresponding customized abutments and a patient-retrieved all-ceramic fixed partial denture were scanned using a high-resolution micro-CT scanner. Reconstructed 3D objects, along with a simulated bone surface, were incorporated into a non-manifold assembly and meshed simultaneously using Simpleware software (Synopsys Simpleware ScanIP Version P-2019.09; Mountain View, CA). Three such volume meshes (Model A, Model B, Model C) corresponding to veneer: framework thickness ratios of 3:1, 1:1, and 1:3 respectively were created, and exported to a finite element analysis software (ABAQUS). An axial load of 110 N was applied uniformly on the occlusal surfaces to calculate the static stresses and contour plots were generated in the post-processing module. From the data obtained, we observed optimum stress distribution in Model B. Also, the tensile stresses were concentrated in the posterior connector region of the prosthesis in all three models tested. Within the limitations of this study, we can conclude that equal thickness of veneer and framework layers would aid in better stress distribution.
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1. Introduction


The last two decades witnessed the rapid advancement of digitization in dentistry. The advent of digital technologies like CAD/CAM systems and intraoral scanners has transformed the clinical, research, and production aspects of dentistry. CAD/CAM systems led to the introduction of novel restorative materials with improved esthetics and durability, increased automated production efficiency, and quality control of the prosthesis. Intraoral scanners have replaced traditional impressions with optical impressions [1]. 3D modeling coupled with novel imaging modalities like cone beam CT, micro-CT, and MRI have unlocked novel diagnostic and dental treatment techniques as well as assessment techniques, such as digital smile designing [2], virtual prosthetic-driven implant treatment planning and guided implant surgeries [3,4], anthroprometric and cephalometric analysis [5], qualitative and quantitative analysis of endodontic procedures using 3D root canal models [6], and finite element analysis [7,8,9,10].



Despite decades of high success rate in traditional metal-ceramic fixed partial denture (FPD), increased aesthetic demands coupled with the recent advancements in CAD/CAM technology have led to the emergence of all-ceramic FPD. Among all-ceramic materials, zirconia has gained immense popularity owing to this material’s excellent biocompatibility, dimensional stability, and superior mechanical performance. In comparison with other ceramics, densely sintered zirconia exhibited the highest stability as a framework material with an estimated five-year failure rate of 1.9% [11]. Due to the lack of translucency, these zirconia frameworks are generally veneered with glass-ceramics to achieve a life-like appearance. Ironically, chipping of this veneering ceramic is reported to be the most frequent complication leading to overall prosthesis failure [12,13,14]. Many retrospective clinical studies reported 1.9 to 30.2% of veneer chipping in zirconia-based prosthesis within three years of placement [15,16,17,18].



Currently, dental implants are widely used to restore functional occlusion in edentulous jaw regions. It has also been found that they have the potential to be used for critical patients under certain conditions to restore their dentition and improve their quality of life [19]. The incidence of chipping in implant-supported FPDs is reported to be higher than the traditional tooth-supported FPDs [20]. This could be attributed to the reduced proprioception as well as shock absorption capacity in implant-supported FPDs [21]. Owing to the absence of a periodontal ligament and a dental pulp to control the chewing force, the masticatory loads on implant-supported prostheses are reported to be eight times higher compared to tooth-supported prostheses [22]. Thus, understanding the mechanical behavior and ideal design parameters in all-ceramic implant-supported FPDs during function is necessary to reduce the risk of veneer chipping and to optimize the performance of prostheses.



Nevertheless, the functional stress distribution and biomechanical behavior of the framework and veneer layers within a prosthesis are difficult to study due to their complex geometry. This problem can be overcome by using 3D finite element analysis (FEA), which is a reasonably economical and efficient technique to investigate the failure behavior of complex structures such as dental prostheses [8]. FEA structural analyses of a veneered zirconia fixed prosthesis assembly will help us to understand the interaction of various variables and offer valuable insight regarding the appropriate design parameters necessary to prevent higher stress patterns within the framework and veneering porcelain.



Clinically relevant anatomic 3D models simulating an implant-supported FPD assembly are rare as designing such models is time-consuming and laborious. Although there are a few studies on the FEA analysis of framework-veneer thickness in all-ceramic restorations, all of them were limited to either single crowns or the tooth-supported FPDs. To our knowledge, there is little information regarding the effect of veneer: framework thickness ratio on the stress distribution in a posterior implant-supported all-ceramic FPD cemented onto customized zirconia abutments, secured to their corresponding regular and wide diameter implant fixtures.



The objective of this study was to evaluate the effect of veneer: framework thickness ratio on the stress distribution and maximum principal stress values within a posterior bi-layered implant-supported all-ceramic FPD using 3D FEA. The null hypothesis was that there was no significant difference in stress distribution and maximum principal stress values with an altered veneer: framework thickness ratio.




2. Materials and Methods


2.1. Micro-CT Scanning


The implant-supported all-ceramic FPD model is an assembly comprised of two implant fixtures (Astra Tech OsseoSpeed, φ4.0 and φ4.8 mm; Dentsply Sirona, York, PA, USA), associated customized zirconia abutments, screws, cement layers, and an all-ceramic FPD are embedded within a bone (Figure 1).



Two implant fixtures along with corresponding customized abutments and FPD were scanned using a micro-CT scanner with a 10 MP camera (Skyscan 1172, Microphotonics Inc.; Aartselaar, Belgium). The scanning parameters used were as follows: an accelerating voltage of 100 KV, current of 100 μA, exposure time of 1264 ms per frame, Al + Cu filter, and rotation step at 0.7°. The x-ray beam was projected in a direction parallel to the long axis of FPD as well as the implant fixtures with secured corresponding abutments. The image pixel size was 34.4 µm. The x-ray projections were reconstructed to form a 3D model, which was saved as a stack of BMP-type 3D files using NRecon software (Skyscan, Microphotonics Inc.; Aartselaar, Belgium). A beam hardening correction of 49% and ring artifact correction of 4 was used for the reconstruction. Cement layers and bone were created in Simpleware software (Synopsys Simpleware ScanIP Version P-2019.09; Mountain View, CA, USA) using segmentation tools.




2.2. Volume Mesh Generation


Stacks of the image slices generated using NRecon software were imported to an interactive medical image control system (Simpleware software) for further processing. Simpleware software organizes all the imported tomograph image slices and displays objects in three cross-sectional views (XY, YZ, and XY planes). The objects were then modified based on their threshold values and various other segmentation tools.



2.2.1. Implants


Masks of regular diameter implant fixture (OsseoSpeed, φ4.0 mm), as well as the associated abutments and screws, were obtained using thresholding based on image value, Boolean operations, morphological close, and recursive Gaussian filter tools. A similar procedure was followed for the wide diameter implant fixture (OsseoSpeed, φ4.8 mm), abutment, and screw to obtain their corresponding masks. 3D objects of regular and wide diameter implants with their corresponding screws and customized abutments were generated from created masks and converted to STL (Standard Tessellation Language or STereoLithography) files.




2.2.2. Fixed Dental Prosthesis


Masks with framework and veneer layers of 1 mm each were obtained using thresholding based on image value, Boolean operations, morphological close, and recursive Gaussian filter tools. Similarly, masks of 0.5 mm and 1.5 mm framework layers, and 0.5 mm and 1.5 mm veneer layers were obtained using Boolean operations. Cement layers were obtained by executing morphological dilate and Boolean operations on abutments. 3D objects were generated for all the created masks, and they were further converted into individual STL files.




2.2.3. Generation of Three Models and Volume Meshing


A cuboid surface object was created using “create object” tool. All the generated STL files of various objects such as implants, abutments, and FPD were then reimported. For the generation of the model, the STL files of different components were incorporated into a non-manifold assembly and altered simultaneously to ensure close approximation of various components within the assembly. Various models with different mesh densities were generated from this non-manifold assembly to do the convergence test.



Using the appropriate mesh density value from the convergence test, three such models containing approximately 1,050,000 tetrahedral elements, with altered veneer: framework ratios (Figure 2) were created. Model A (veneer: framework thickness of 3:1) consists of FPD with 1.5 mm veneer thickness and 0.5 mm framework thickness. Model B (veneer: framework thickness of 1:1) consists of FPD with 1.0 mm veneer thickness and 1.0 mm framework thickness. Model C (veneer: framework thickness of 1:3) consists of FPD with 0.5 mm veneer thickness and 1.5 mm framework thickness. The components of each model were meshed together using wrapping, smoothing operations, and a maximum geometric error of 0.05% to preserve the original geometry. The generated volume meshes were imported into the FEA software (ABAQUS FEA software; Dassault Systèmes Simulia Corp., Johnston, Rhode Island) for further analysis.





2.3. FEA Analysis


The following assumptions were made to simplify the FEA analysis: materials were considered to be isotropic and homogeneous with a linear elastic behavior throughout the entire deformation, “bonded type” contact was used and the bone/implant interface was assumed to be a perfect union so as to simulate complete osseointegration.



The material properties assigned to their respective components are tabulated in Table 1 [9]. The boundary condition was applied to all the superficial nodes (except occlusal/top surface) of the simulated cuboidal bone structure to prevent displacement in three spatial dimensions (no rotation/displacement allowed). An axial compressive load of 110 N was uniformly applied to 2300 nodes (0.048 N each) within the central occlusal fossa of abutments and pontic to simulate the physiological functional load on the FPD. The stress distribution values from the linear finite element analyses were evaluated according to the location and magnitude of the maximum first principal stress. Since all-ceramic materials primarily fail under brittle tensile fracture, the maximum principal stress values were taken into consideration for assessing stress distribution in this study.




2.4. Convergence Test


The mesh quality, as determined by the number of elements, was controlled by adjusting the triangle edge length and the ratio between the height and base of the triangles. Using an iterative method, we increased the number of elements along each side and solved. We recorded the complexity of the model (no. of elements) vs. response (observed maximum principal stress value). The obtained maximum principal stress value calculated by varying the number of elements along each edge was plotted graphically. The solution point, wherein the response of the system converges to a solution and further mesh refinement (the addition of more elements) yields no significant response, was considered as the appropriate mesh density for carrying out FEA analysis.





3. Results


The 3D model showed great physical resemblance with the structure of an implant-supported FPD assembly. The use of non-manifold assembly ensured matching surfaces and coinciding nodes between different parts. The data from the convergence test, which was carried out to determine the appropriate mesh density for generating volume meshes, are plotted in Scheme 1.



The stress distribution and maximum principal stress values observed within the veneer and framework regions of Model A (simulating the implant-supported FPD consisting of veneer: framework ratio of 3:1), Model B (simulating the implant-supported FPD consisting of veneer: framework ratio of 1:1), and Model C (simulating the implant-supported FPD consisting of veneer: framework ratio of 1:3) are depicted in Figure 3, Figure 4 and Figure 5 respectively, with the red color representing high values, and blue color representing the lower values.



In Model A, the maximal principal stress value observed within the veneer in the distal connector region is 1.896 MPa and within the framework, the observed value is 3.784 MPa in the distal connector region and intaglio (cementation) surface of the retainers.



Similarly, the maximal principal stress value observed within Model B is 1.378 MPa in the distal connector region of the veneer. In the framework region of Model B, the maximum principal stress of 3.622 MPa is observed in the distal connector region and intaglio (cementation) surface of the retainers.



Furthermore, in Model C, the maximal principal stress value of 1.90 MPa is observed within the distal connector region of the veneer, and 3.615 MPa of maximal principal stress is observed in the distal connector region of the framework and in the intaglio (cementation) surface of the retainers, directly underneath the loading area.




4. Discussion


The stress distribution patterns and maximum principal stress values in the veneer and framework region varied with altered veneer: framework thickness ratios. Thus, the null hypothesis that veneer: framework thickness ratio would not affect the stress distribution and maximum principal stress values was rejected.



From the results, we can observe that the veneer and framework regions of Model B (veneer: framework thickness ratio of 1:1) depict the lower maximum principal stress values. This is in agreement with a parallel clinical study of 129 three-unit implant-supported FPDs. This study determined the mean survival time of the 1:1 veneer: framework thickness ratio was higher than the other two models. Although no significance was reached, a greater sample size could have yielded significant differences [23]. This finding is also consistent with in vitro studies done by Soares LM et al. [24], Nawafleh N. et al. [25], in which, they observed higher fracture resistance values for tooth-supported all-ceramic FPDs with veneer: framework thickness ratios of 1:1.



Various in vivo and in vitro studies proposed that there are higher tensile stresses concentrated in the connector region and cervical area [7,10,26,27,28,29]. The reported results are in agreement with the results observed in this study, wherein the tensile stresses were concentrated in the distal connector region.



In this study, two different implant diameters (regular and wide diameter implants) were used to ideally simulate the clinical condition wherein the wide diameter implants were preferred in the posterior-most edentulous region and regular diameter implants around the first molar edentulous region. The variation in stress distribution patterns between two connector regions observed in all three models could be attributed to the difference in abutment dimensions of regular and wide diameter implants used in this study. The posterior-most connector region associated with wider diameter implant abutment demonstrated high tensile stress concentration in all three models.



This unique and translational study was performed in conjunction with an existing clinical study [23,30,31] to corroborate results and elucidate predictability factors of FEA modeling in clinical scenarios. Although FEA is a theoretical, well-known, and widely used technique to assess the stress distribution among complex structures such as dental prostheses, there are certain limitations as there are several assumptions around which the models are created. The main limitations of this study revolve around these assumptions made during calculations such as the material properties, linear elastic behavior of the model, etc. These assumed values however do not ideally resemble living tissues. Moreover, in the oral environment, a humid atmosphere and the permanent occurrence of chewing forces might lead to the degradation of ceramics used for prosthetic restorations [32,33]. Furthermore, in this study, only axial loading condition was used to compare our models. Also, the FPD model used in this study is a simulated patient retrieved prosthesis and might vary slightly in dimensions and geometry from an ideal implant-supported FPD prosthesis. Thus, these inherent limitations in this study should be considered.



Apart from veneer: framework thickness, there are various other factors such as connector dimensions, radii of gingival curvature, framework design, loading conditions, FPD span, etc. that affect the stress distribution in implant-supported FPDs. Since posterior connector regions demonstrated higher tensile stresses in this study, altering the connector parameters such as connector height, radii of gingival curvature, etc. could be investigated to minimize the stress concentration in these regions. Further studies correlating various parameters is necessary to understand the mechanism of prosthesis failure in implant-supported FPDs in detail.




5. Conclusions


Within the limitations of this study, we can conclude that the framework bears the higher tensile loads. Furthermore, based on the results observed in this study, the veneer: framework thickness ratio of 1:1 results in a lower stress concentration than 1:3 or 3:1 veneer: framework thickness ratios. Also, the tensile stresses were concentrated in the posterior connector region of the prosthesis. Future studies correlating the connector dimensions and design are necessary to further evaluate the failure mechanism of implant-supported FPDs.
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Figure 1. 3D model of an implant-supported FPD assembly. 
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Figure 2. 3D FPD objects (Veneer and Framework) from three models in various perspectives (A–C). (A) Model A (veneer: framework ratio of 3:1, veneer thickness 1.5 mm and framework thickness 0.5 mm); (B) Model B (veneer: framework ratio of 1:1, veneer thickness 1.0 mm and framework thickness 1.0 mm); (C) Model C (veneer: framework ratio of 1:3, veneer thickness 0.5 mm and framework thickness 1.5 mm). 
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Scheme 1. Convergence test data. 
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Figure 3. Stress distribution in the (A) Veneer and (B) Framework region of Model A. 
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Figure 4. Stress distribution in the (A) Veneer and (B) Framework region of Model B. 
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Figure 5. Stress distribution in the (A) Veneer and (B) Framework region of Model C. 
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Table 1. Material properties attributed to various components in the model.
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	Material
	Young’s

Modulus (MPa)
	Poisson’s

Ratio





	Porcelain
	70,000
	0.19



	Zirconia
	210,000
	0.30



	Resin cement
	8300
	0.30



	Titanium
	110,000
	0.35



	Bone
	13,700
	0.30
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