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        Abstract



        
          

          Background


          Dental implants are critical for restoring functionality and aesthetics in patients with missing teeth. The all-on-four treatment concept utilizes four dental implants to support a full-arch prosthesis. Material choice for these implants plays a crucial role in the long-term success of the treatment, affecting everything from biomechanical stability to osseointegration and patient comfort.

        


        
          

          Aim


          The purpose of this study is to analyze the biomechanical performance of three different materials used in all-on-four dental implant designs through finite element analysis (FEA). The aim is to determine which material optimally balances stress and deformation under various loading conditions.

        


        
          

          Objective


          The main objective of this research is to evaluate the effects of stress, strain, and deformation on all-on-four dental implants made from titanium, zirconia, and polyether ether ketone (PEEK). The study seeks to identify which material demonstrates the best mechanical properties under simulated functional loads.

        


        
          

          Methods


          A 3D model simulating the dental implants integrated with cancellous and cortical bone was developed. Finite element analysis was conducted to assess the biomechanical performance of the implants made from titanium, zirconia, and PEEK. A perpendicular load of 100 N was applied to the tips of the implants, followed by an oblique load of 100 N at a 30-degree angle, to simulate different chewing forces.

        


        
          

          Results


          The deformation analysis indicated that implants made of zirconia exhibited significantly lower maximum and average deformation compared to those made from titanium and PEEK. Although PEEK implants showed lower maximum and average stress, they did not perform well in stress dissipation compared to zirconia. Similar patterns of stress and deformation were observed under both perpendicular and oblique loading conditions.

        


        
          

          Conclusion


          Zirconia implants outperformed titanium and PEEK in terms of deformation and stress distribution under simulated loading conditions. This suggests that zirconia could be a superior material for all-on-four dental implants, offering better mechanical stability and potentially enhancing the longevity and success of dental restorations. Further clinical trials are recommended to validate these findings and assess the long-term outcomes of zirconia-based implants.
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      1. INTRODUCTION


      Many techniques have been used to monitor the performance of dental implants. One such method is hyperspectral imaging (HSI) where a spectrometer can be used to detect the biofilm contaminations on dental implants [1, 2]. Specifically, with the improvement in snap-shot-based HSI, which has been used in many other medical and other applications, dental implant performance analysis in the future will be much more convenient [3-9]. In recent years, many types of bio-sensors have also been developed [10-12]. One study that used a micro bio-sensor built inside the dental implant has already been proposed [13]. However, there are few studies on these methods, and all these methods can only be used after the dental implant has been fixed. Finite element analysis (FEA) has long been used to measure the effects of stress-strain and deformation in dental implants [14, 15]. In particular, the effectiveness of any dental implant is reliant on a wide range of variables that influence bone‒implant, implant‒abutment, and abut ment‒prosthesis integrations [16, 17]. Examining the force distribution, including the stress-strain and defor mation values, is essential in determining the success of any implant [18, 19]. One of the latest designs to overcome general failures is known as the “all-on-four” configuration, which uses only four implants, namely, two in the anterior region and two in the posterior region [20-22]. Many studies have performed FEA on all-on-four designs and proven its feasibility [23-27].


      Another factor affecting the success of a dental impact is its material. Since the early 1960s, titanium has been used as a primary material for dental implants because of its economic viability, biocompatibility, extensive human clinical success, and bone bonding capacity [28-30]. Owing to aesthetics, many ceramic-based implants have been investigated in recent years [31, 32]. One such material is zirconia [33, 34]. Zirconia offers great resistance to oxidation, higher wear resistance, a high Weibull modulus, excellent flexural modulus, fracture toughness, and static fracture strength [35]. In addition, zirconia has a low thermal conductivity [36]. Although zirconia has exceptional short-term results, high-quality long-term studies are lacking [37]. Polyether ether ketone (PEEK) is a metal-free biocompatible thermoplastic polymer that is also currently being used in dental implants [38, 39]. PEEK has excellent mechanical qualities, high-temperature resistance, chemical stability, strong wear resistance, and high bond strength [40, 41]. However, PEEK has a much lower modulus of elasticity and low hardness [42, 43]. Comprehensive studies involving PEEK are also rare [44].


      In our previous study, the effects of increasing the number of fences to support dental implants were investigated [45]. According to the results of the FEA analysis, 74% of the deformation and 80% of the stress occurred when the number of fences was increased from one to three. In general, as the number of fences increases, the stress dissipation results are enhanced. However, only titanium as a material for dental implants was considered in the study. In the current study, PEEK, zirconia, and titanium all-on-four dental implants were subject to a 100 N perpendicular load on four tips of dental implants. Then, the effects of stress-strain and deformation were investigated. An oblique load of 100 N at 30° was also applied, and comparative results were examined.

    


    
      

      2. MATERIALS AND METHODS


      
        

        2.1. Software


        PEEK, zirconia, and titanium materials were compared for their deformation and strain‒stress results. Dassault Systemes' CATIA version 6 was utilized to construct the 3D model. The Finite Element Analysis (FEA) was conducted using Ansys version 2021 R2. The chosen design was simplified within limits that would not disrupt the local stress analysis, considering the intricate geometries of jawbones. The implemented design provides a foundation for conducting a comparative evaluation of three distinct materials and their corresponding deformation and strain-stress solutions, as derived from analytical investigations.

      


      
        

        2.2. Design and FEA


        The implant had a diameter of 4.5 mm and a total length of 8 mm. The radius of the bottom two fences was 2 mm, and the top fence had a diameter of 1.5 mm, following the configuration in our previous study 45. Given the dramatic shift in stress at the edges, the junctures were meshed three times as densely as the other locals. According to the classification system developed by Lekholm and Zarb, the model could represent a section of edentulous bone located in the posterior region of the mandible [46]. The bone that would be placed adjacent to the implant was 11 mm in height and 30 mm in width. The cortical bone, which had a thickness of 1 mm, was set to be in contact with the implant and jointly formed the top layer, whereas trabecular bone comprised the rest of the structure. The mesh had an average thickness of 0.05 µm, which resulted in 81,000 nodes and 27,000 elements.

      


      
        

        2.3. Materials


        As the sole purpose of this study was to compare the deformation and strain‒stress dissipation of the models, the jawbone designed for the analysis was assumed to be a homogeneous solid bone. This study also presumed that both the implant and the bone were isotropic, linearly elastic, and homogeneous. Then, the titanium, PEEK, and zirconia materials were compared. The properties of these three materials are listed in Table 1.


        
          Table 1 Mechanical properties of the materials used in this study.


          
            
              
                	Material/Ref

                	Density (kg/cm3)

                	Young’s Modulus (GPa)

                	Poisson’s Ratio

                	Tensile Yield Strength (MPa)

                	Compressive Yield Strength (MPa)
              

            

            
              
                	Zirconia [47, 48]

                	6.05

                	210

                	0.31

                	1000

                	2000
              


              
                	PEEK [49, 50]

                	1.310

                	4

                	0.4

                	150

                	215
              


              
                	Titanium [51, 52]

                	4.620

                	960

                	0.36

                	930

                	930
              


              
                	Cancellous Bone [53]

                	2.08

                	71

                	0.3

                	280

                	280
              


              
                	Cortical Bone [54]

                	1.2

                	2

                	0.3

                	112

                	112
              

            
          


        


        
          Table 2 Minimum, maximum, and average deformation results of the titanium, zirconia, and PEEK materials.


          
            
              
                	Material

                	Minimum Deformation (µm)

                	Maximum Deformation (µm)

                	Average Deformation (µm)
              

            

            
              
                	Titanium

                	0

                	1.7449

                	1.4594
              


              
                	Zirconia

                	0

                	1.2673

                	0.19796
              


              
                	PEEK

                	0

                	8.4035

                	5.5979
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Fig. (1)


        Total deformation of three different materials. (a-c) PEEK, zirconia, and titanium materials, respectively.

      

    


    
      

      3. RESULTS


      
        

        3.1. Deformation


        The deformation results of the three materials are shown in Table 2, while Fig. (1) shows a comparison of the deformation results. A force of 100 N at the four tips of the dental implants was applied, totaling 400 N. The deformation results showed that zirconia had the lowest maximum deformation of 1.2673 µm, followed by titanium at 1.7449 µm. PEEK had the highest maximum deformation of 8.4035 µm. Although the maximum deformation results of titanium and zirconia were similar, the average deformation of the latter was much lower at 0.197 µm (titanium: 1.4594 µm). The obtained values indicate that zirconia was suitable for the three-fenced all-on-four implants and dissipated the deformation better than PEEK and titanium. Compared with the results of PEEK, the maximum total deformation of zirconia was reduced by 84.91% and compared with the results of titanium, the maximum total deformation of zirconia was reduced by 27.37%. This slight reduction in deformation over the years can increase the performance of the dental implant.

      


      
        

        3.2. Stress


        The results of the stress analysis (maximum, minimum, and average stresses) at 100 N for each tip of the dental implants for all three materials are shown in Table 3. A visual representation of the same results is shown in Fig. (2). The results showed that PEEK had the lowest maximum stress of 8.9674 MPa, whereas the highest maximum stress was for zirconia at 15.466 MPa. Titanium obtained a moderate maximum stress of 13.507 MPa. An interesting result was observed for the average stress. In particular, zirconia had the best average stress of 0.46083 MPa, whereas titanium and PEEK had average stresses of 4.5025 and 4.5528 MPa, respectively. The simulation results of the average stress indicate that although the maximum stress of zirconia is higher, its stress dissipation is much more efficient. The maximum stress of PEEK was much lower, while its average stress was much higher, indicating its poor stress dissipation capability. Effective stress dissipation can be calculated by comparing the average stress with the maximum stress. Here, PEEK had the poorest stress dissipation at 49.22%, whereas titanium had a better measure of 66.65%. Zirconia had the best stress dissipation measure at 97.0224%. These values indicate that zirconia can efficiently dissipate most of the stress.

      


      
        

        3.3. Strain


        The results of the strain analysis are shown in Table 4, in which a force of 100 N perpendicular to the dental implant was applied at the four tips. Fig. (3) shows the result of the strain analysis. Overall, the results of the strain analysis were similar to those of the stress analysis. Although PEEK had a lower strain, its average strain was much higher than those of zirconia and titanium. Although zirconia had a much higher strain rate, its average strain was the lowest among the three materials. Titanium had a moderate maximum strain and average strain.


        [image: ]
Fig. (2)


        Equivalent von Mises stress of the three different materials. (a-c) PEEK, zirconia, and titanium materials, respectively.


        
          Table 3 Minimum, maximum, and average stress results of the titanium, zirconia, and PEEK materials.


          
            
              
                	Material

                	Minimum Stress (MPa)

                	Maximum Stress (MPa)

                	Average Stress (MPa)
              

            

            
              
                	Titanium

                	1.5899×10−16

                	13.507

                	4.5025
              


              
                	Zirconia

                	1.5772×10−16

                	15.477

                	0.46083
              


              
                	PEEK

                	3.6469×10−16

                	8.9674

                	4.5528
              

            
          


        


        
          Table 4 Minimum, maximum, and average strain results of the titanium, zirconia, and PEEK materials.


          
            
              
                	Material

                	Minimum Strain

                	Maximum Strain

                	Average Strain
              

            

            
              
                	Titanium

                	2.2346×10−21

                	2.9244×10−3

                	3.2493×10−5
              


              
                	Zirconia

                	2.2205×10−21

                	2.986×10−3

                	8.9055×10−6
              


              
                	PEEK

                	2.3261×10−21

                	2.6274×10−3

                	4.1713×10−5
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Fig. (3)


        Equivalent von Mises strain of three different materials at a 30-degree oblique load of 100 N. (a-c) show titanium, zirconia, and PEEK materials, respectively.

      


      
        

        3.4. Oblique Loading Analysis


        Another factor considered in the FEA of dental implants is the process of mastication, also known as chewing. Here, the effect of an oblique load of 100 N, each at 30° on the four tips of the implant, was investigated. The deformation results of the oblique load of all three materials are shown in Table 5. A visual representation of the results is shown in Fig. (4). Overall, the results indicate that zirconia had a much lower maximum deformation and a lower average deformation, PEEK had the highest maximum deformation and a higher average deformation, and titanium performed reasonably.


        The stress results of applying the oblique load on all three materials are shown in Table 6, and a visual representation of the results is shown in Fig. (5). The stress results of applying an oblique load of 100 N at 30° were similar to those under a perpendicular load. Zirconia had the maximum stress, whereas PEEK had a much lower stress value. The average stress of zirconia was much lower at 5.7217 MPa, whereas that of PEEK was 4.5 MPa. The stress dissipation of zirconia was 99.0644%, whereas that of PEEK was 98.1926%. The stress dissipation ratio of titanium was 98.805%. The maximum stress and average stress values were much lower for PEEK, whereas the stress dissipation measure was higher for zirconia.


        
          Table 5 Total deformation results of the three different materials at a 30-degree oblique load of 100 N.


          
            
              
                	Material

                	Minimum Deformation (µm)

                	Maximum Deformation (mm)

                	Average Deformation (µm)
              

            

            
              
                	Titanium

                	0

                	0.27742

                	18.494
              


              
                	Zirconia

                	0

                	0.20841

                	14.43
              


              
                	PEEK

                	0

                	0.93911

                	45.893
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Fig. (4)


        Total deformation of the three different materials at an oblique load of 30° of 100 N. (a-c) PEEK, zirconia, and titanium materials, respectively.

      

    


    
      

      4. DISCUSSION


      In this study, the FEA of three-fenced all-on-four dental implants was investigated based on three materials, namely, titanium, zirconia, and PEEK. The stress-strain and deformation results for a perpendicular load of 100 N applied at the four tips of the dental implant were obtained. An oblique load of 100 N at 30° was also applied on the four tips of the dental implant, and similar results were obtained. The deformation results showed that zirconia had less deformation than PEEK and titanium. However, the stress analysis showed that PEEK had a much lower maximum stress and average stress. The stress dissipation measure also showed that zirconia was much better at dissipating the stress to the surrounding fences.


      Furthermore, deformation analysis showed that the maximum deformation was located at the tip of the dental implant, and a large amount of stress was found at the fences. Most of the higher stress for PEEK was found on the dental implant, whereas the maximum deformations for titanium and zirconia were found at the interjunction of the dental implant with the bone. The deformation of PEEK can cause an earlier failure of the dental implant because of the highly concentrated stress on the dental implants (Supplementary Material).


      
        Table 6 Equivalent von Mises stress results of the three different materials at a 30-degree oblique load of 100 N.


        
          
            
              	Material

              	Minimum Stress (MPa)

              	Maximum Stress (MPa)

              	Average Stress (MPa)
            

          

          
            
              	Titanium

              	3.4808×10−16

              	422.6

              	5.048
            


            
              	Zirconia

              	1.5772E-10

              	611.56

              	5.7217
            


            
              	PEEK

              	3.6469E-10

              	248.99

              	4.5
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Fig. (5)


      Equivalent von Mises stress of three different materials at a 30-degree oblique load of 100 N. (a, b and c) PEEK, zirconia, and titanium materials, respectively.

    


    
      

      CONCLUSION


      Titanium, zirconia, and PEEK materials were evaluated by FEA for a three-fenced all-on-four dental implant in this study. The stress-strain and deformation for a perpendicular load of 100 N applied at each of the four tips of the dental implant were studied. In addition, an oblique load of 100 N at 30° was applied on each of the four tips of the dental implant, and the same results were obtained. The results of the deformation test indicate that zirconia had a lower degree of deformation than PEEK and titanium. The stress study, on the other hand, revealed that PEEK had a significantly lower maximum stress and a significantly lower average stress. On the other hand, the stress dissipation result demonstrated that zirconia was significantly more effective for transferring stress to the fences in the surrounding area.

    

  


  
    
      

      AUTHORS’ CONTRIBUTION


      Conceptualization, C.-L.C., H.-C.W., and A.M. ; data curation, C.-L.C, R.K., and A.M. ; formal analysis, C.-L.C., R.K., and A.M. ; funding acquisition, R.K., A.M., and H.-C.W. ; investigation, S.-H.L., and A.M. ; methodology, S.-H.L, H.-C.W., U.C., and A.M. ; project administration, S.-H.L., U.C., and H.-C.W. ; resources, U.C., S.-H.L., M.-M.C., and H.-C.W. ; software, M.-M.C., S.-C.C., and A.M. ; supervision, Y.-L.C., and H.-C.W. ; validation, Y.-L.C., H.-C.W., and A.M. ; writing—original draft, Y.-L.C and A.M. ; writing—review and editing, A.M. and H.-C.W. All authors have read and agreed to the published version of the manuscript.

    


    
      LIST OF ABBREVIATIONS


      
        
          	

          	
        


        
          	FEA

          	= Finite Element Analysis
        


        
          	PEEK

          	= Polyether Ether Ketone
        

      

    


    
      

      ETHICS APPROVAL AND CONSENT TO PARTICIPATE


      Not applicable.

    


    
      

      HUMAN AND ANIMAL RIGHTS


      Not applicable.

    


    
      

      CONSENT FOR PUBLICATION


      Not applicable.

    


    
      

      AVAILABILITY OF DATA AND MATERIALS


      The data supporting the findings of the article is available in the Open Dentistry_Taiwan at https://www. myqnapcloud.com/share/745418i47p84o221384v25ad_336d7h7jk33m2491q16www6ayab7cf6k?session_id=2%7C1%3A0%7C10%3A1718938481%7C19%3Asession_portal_goto%7C48%3AOTVmNzg2MWUtZDUwOS00YjhhLThjOGYtMGIzYTE3YWY3Mzk3%7C5caad005561ad352791edd227185f33d112d7eb8f4f63b07fcde6dabe82472cd#/home, reference as Den_pap_Supplement. All figures and tables are produced by authors.

    


    
      

      FUNDING


      This research was supported by the National Science and Technology Council, the Republic of China (Taiwan) under grants NSTC 112-2221-E-194-036 and 112-2634-F-194-001. This work was financially/partially supported by the Kaohsiung Armed Forces General Hospital research project KAFGH_D_113030, and the Dalin Tzu Chi Hospital, Buddhist Tzu Chi Medical Foundation-National Chung Cheng University Joint Research Program in Taiwan.

    


    
      

      CONFLICT OF INTEREST


      The authors declare no conflict of interest, financial or otherwise.

    


    
      

      ACKNOWLEDGEMENTS


      Declared none.

    


    
      

      SUPPLEMENTARY MATERIALS


      The following supporting information can be downloaded at https://www.myqnapcloud.com/share/745 418i47p84o221384v25ad_336d7h7jk33m2491q16www6ayab7cf6k?session_id=2%7C1%3A0%7C10%3A1718938481%7C19%3Asession_portal_goto%7C48%3AOTVmNzg2MWUtZDUwOS00YjhhLThjOGYtMGIzYTE3YWY3Mzk3%7C5caad005561ad352791edd227185f33d112d7eb8f4f63b07fcde6dabe82472cd#/home, Video S1. Total Deformation of PEEK at a perpendicular force of 100 N, Video S2. Total Deformation of PEEK at an angular force of 100 N, Video S3. Equivalent Elastic Strain of PEEK at a perpendicular force of 100 N, Video S4. Equivalent Elastic Strain of PEEK at an angular force of 100 N, Video S5. Equivalent Elastic Stress of PEEK at a perpendicular force of 100 N, Video S6. Equivalent Elastic Stress of PEEK at an angular force of 100 N, Video S7. Total deformation of zirconia at a perpendicular force of 100 N, Video S8. Total Deformation of Zirconia at an angular force of 100 N, Video S9. Equivalent Elastic Strain of Zirconia at a perpendicular force of 100 N, Video S10. Equivalent Elastic Strain of Zirconia at an angular force of 100 N, Video S11. Equivalent Elastic Stress of Zirconia at a perpendicular force of 100 N, Video S12. Equivalent Elastic Stress of Zirconia at an angular force of 100 N, Video S13. Total Deformation of Titanium at a perpendicular force of 100 N, Video S14. Total Deformation of Titanium at an angular force of 100 N, Video S15. Equivalent Elastic Strain of Titanium at a perpendicular force of 100 N, Video S16. Equivalent Elastic Strain of Titanium at an angular force of 100 N, Video S17. Equivalent Elastic Stress of Titanium at a perpendicular force of 100 N, Video S18. Equivalent elastic stress of titanium at an angular force of 100 N.


      

      
        Download File
      


      

    


    REFERENCES


    
      
        	

        	
      


      
        	[1]

        	Benic G.I., Elmasry M., Hämmerle C.H.F.. Novel digital imaging techniques to assess the outcome in oral rehabilitation with dental implants: A narrative review., Clin. Oral Implants Res.. 2015; 26(S11) Suppl. 11: 86-96.

        [CrossRef] [PubMed]
      


      
        	[2]

        	Kim D-H., Kim M.S., Hwang J.. Monitoring of biofilm formation on different material surfaces of medical devices using hyperspectral imaging method., Proceedings of SPIE. 2012: 27-33.

        [CrossRef]
      


      
        	[3]

        	Huang S.Y., Mukundan A., Tsao Y.M., Kim Y., Lin F.C., Wang H.C.. Recent advances in counterfeit art, document, photo, hologram, and currency detection using hyperspectral imaging., Sensors. 2022; 22(19): 7308.

        [CrossRef] [PubMed]
      


      
        	[4]

        	Mukundan A., Tsao Y.M., Lin F.C., Wang H.C.. Portable and low-cost hologram verification module using a snapshot-based hyperspectral imaging algorithm., Sci. Rep.. 2022; 12(1): 18475.

        [CrossRef] [PubMed]
      


      
        	[5]

        	Tsai T.J., Mukundan A., Chi Y.S., Tsao Y.M., Wang Y.K., Chen T.H., Wu I.C., Huang C.W., Wang H.C.. Intelligent identification of early esophageal cancer by band-selective hyperspectral imaging., Cancers. 2022; 14(17): 4292.

        [CrossRef] [PubMed]
      


      
        	[6]

        	Fang Y.J., Mukundan A., Tsao Y.M., Huang C.W., Wang H.C.. Identification of early esophageal cancer by semantic segmentation., J. Pers. Med.. 2022; 12(8): 1204.

        [CrossRef] [PubMed]
      


      
        	[7]

        	Tsai C.L., Mukundan A., Chung C.S., Chen Y.H., Wang Y.K., Chen T.H., Tseng Y.S., Huang C.W., Wu I.C., Wang H.C.. Hyperspectral imaging combined with artificial intelligence in the early detection of esophageal cancer., Cancers (Basel). 2021; 13(18): 4593.

        [CrossRef] [PubMed]
      


      
        	[8]

        	Chen C.W., Tseng Y.S., Mukundan A., Wang H.C.. Air pollution: Sensitive detection of PM2.5 and PM10 concentration using hyperspectral imaging., Appl. Sci.. 2021; 11(10): 4543.

        [CrossRef]
      


      
        	[9]

        	Mukundan A., Huang C.C., Men T.C., Lin F.C., Wang H.C.. Air pollution detection using a novel snap-shot hyperspectral imaging technique., Sensors. 2022; 22(16): 6231.

        [CrossRef] [PubMed]
      


      
        	[10]

        	Mukundan A., Feng S.W., Weng Y.H., Tsao Y.M., Artemkina S.B., Fedorov V.E., Lin Y.S., Huang Y.C., Wang H.C.. Optical and material characteristics of MoS2/Cu2O sensor for detection of lung cancer cell types in hydroplegia., Int. J. Mol. Sci.. 2022; 23(9): 4745.

        [CrossRef] [PubMed]
      


      
        	[11]

        	Mukundan A., Tsao Y.M., Artemkina S.B., Fedorov V.E., Wang H.C.. Growth mechanism of periodic-structured MoS2 by transmission electron microscopy., Nanomaterials. 2021; 12(1): 135.

        [CrossRef] [PubMed]
      


      
        	[12]

        	Hsiao Y.P., Mukundan A., Chen W.C., Wu M.T., Hsieh S.C., Wang H.C.. Design of a lab-on-chip for cancer cell detection through impedance and photoelectrochemical response analysis., Biosensors (Basel). 2022; 12(6): 405.

        [CrossRef] [PubMed]
      


      
        	[13]

        	Li Y.J., Lu C.C.. A novel scheme and evaluations on a long-term and continuous biosensor platform integrated with a dental implant fixture and its prosthetic abutment., Sensors. 2015; 15(10): 24961-24976.

        [CrossRef] [PubMed]
      


      
        	[14]

        	Chun H.J., Cheong S.Y., Han J.H., Heo S.J., Chung J.P., Rhyu I.C., Choi Y.C., Baik H.K., Ku Y., Kim M.H.. Evaluation of design parameters of osseointegrated dental implants using finite element analysis., J. Oral Rehabil.. 2002; 29(6): 565-574.

        [CrossRef] [PubMed]
      


      
        	[15]

        	Van Staden R.C., Guan H., Loo Y.C.. Application of the finite element method in dental implant research., Comput. Methods Biomech. Biomed. Engin.. 2006; 9(4): 257-270.

        [CrossRef] [PubMed]
      


      
        	[16]

        	Geng J.P., Tan K.B.C., Liu G.R.. Application of finite element analysis in implant dentistry: A review of the literature., J. Prosthet. Dent.. 2001; 85(6): 585-598.

        [CrossRef] [PubMed]
      


      
        	[17]

        	Kayabaşı O., Yüzbasıoğlu E., Erzincanlı F.. Static, dynamic and fatigue behaviors of dental implant using finite element method., Adv. Eng. Softw.. 2006; 37(10): 649-658.

        [CrossRef]
      


      
        	[18]

        	Vaillancourt H., Pilliar R.M., McCammond D.. Factors affecting crestal bone loss with dental implants partially covered with a porous coating: A finite element analysis., Int. J. Oral Maxillofac. Implants. 1996; 11(3): 351-359.

        [PubMed]
      


      
        	[19]

        	Pilliar R.M., Deporter D.A., Watson P.A., Valiquette N.. Dental implant design–effect on bone remodeling., J. Biomed. Mater. Res.. 1991; 25(4): 467-483.

        [CrossRef] [PubMed]
      


      
        	[20]

        	Maló P., Rangert B., Dvärsäter L.. Immediate function of Brånemark implants in the esthetic zone: A retrospective clinical study with 6 months to 4 years of follow-up., Clin. Implant Dent. Relat. Res.. 2000; 2(3): 138-146.

        [CrossRef] [PubMed]
      


      
        	[21]

        	Maló P., Friberg B., Polizzi G., Gualini F., Vighagen T., Rangert B.. Immediate and early function of Brånemark System implants placed in the esthetic zone: A 1-year prospective clinical multicenter study., Clin. Implant Dent. Relat. Res.. 2003; 5(s1) Suppl. 1: 37-46.

        [CrossRef] [PubMed]
      


      
        	[22]

        	Maló P., Rangert B., Nobre M.. “All-on-Four” immediate-function concept with Brånemark System implants for completely edentulous mandibles: A retrospective clinical study., Clin. Implant Dent. Relat. Res.. 2003; 5(s1) Suppl. 1: 2-9.

        [CrossRef] [PubMed]
      


      
        	[23]

        	Saleh Saber F., Ghasemi S., Koodaryan R., Babaloo A., Abolfazli N.. The comparison of stress distribution with different implant numbers and inclination angles in all-on-four and conventional methods in maxilla: A finite element analysis., J. Dent. Res. Dent. Clin. Dent. Prospect.. 2015; 9(4): 246-253.

        [CrossRef] [PubMed]
      


      
        	[24]

        	Silva G.C., Mendonça J.A., Lopes L.R., Landre J. Jr. Stress patterns on implants in prostheses supported by four or six implants: A three-dimensional finite element analysis., Int. J. Oral Maxillofac. Implants. 2010; 25(2): 239-246.

        [PubMed]
      


      
        	[25]

        	Özdemir Doğan D., Polat N.T., Polat S., Şeker E., Gül E.B.. Evaluation of “all-on-four” concept and alternative designs with 3D finite element analysis method., Clin. Implant Dent. Relat. Res.. 2014; 16(4): 501-510.

        [CrossRef] [PubMed]
      


      
        	[26]

        	Liu T., Mu Z., Yu T., Wang C., Huang Y.. Biomechanical comparison of implant inclinations and load times with the all-on-4 treatment concept: A three-dimensional finite element analysis., Comput. Methods Biomech. Biomed. Engin.. 2019; 22(6): 585-594.

        [CrossRef] [PubMed]
      


      
        	[27]

        	Ozan O., Kurtulmus-Yilmaz S.. Biomechanical comparison of different implant inclinations and cantilever lengths in all-on-4 treatment concept by three-dimensional finite element analysis., Int. J. Oral Maxillofac. Implants. 2018; 33(1): 64-71.

        [CrossRef] [PubMed]
      


      
        	[28]

        	Koizumi H., Takeuchi Y., Imai H., Kawai T., Yoneyama T.. Application of titanium and titanium alloys to fixed dental prostheses., J. Prosthodont. Res.. 2019; 63(3): 266-270.

        [CrossRef] [PubMed]
      


      
        	[29]

        	Nicholson W.. Titanium alloys for dental implants: A review., Prosthesis. 2020; 2: 11.

        [CrossRef]
      


      
        	[30]

        	Hong D.G.K., Oh J.. Recent advances in dental implants., Maxillofac. Plast. Reconstr. Surg.. 2017; 39(1): 33.

        [CrossRef] [PubMed]
      


      
        	[31]

        	Karapetian V., Sorg T., Jöckel M., Baumann M.. Comparison of different polishing systems for dental inlay ceramics. CAD/CAM in aesthetic dentistry... Chicago: Quintessence Publishing Co., Inc.; 1996
      


      
        	[32]

        	He L.H., Swain M.. A novel polymer infiltrated ceramic dental material., Dent. Mater.. 2011; 27(6): 527-534.

        [CrossRef] [PubMed]
      


      
        	[33]

        	Pereira G.K.R., Guilardi L.F., Dapieve K.S., Kleverlaan C.J., Rippe M.P., Valandro L.F.. Mechanical reliability, fatigue strength and survival analysis of new polycrystalline translucent zirconia ceramics for monolithic restorations., J. Mech. Behav. Biomed. Mater.. 2018; 85: 57-65.

        [CrossRef] [PubMed]
      


      
        	[34]

        	Esquivel-Upshaw J.F., Kim M.J., Hsu S.M., Abdulhameed N., Jenkins R., Neal D., Ren F., Clark A.E.. Randomized clinical study of wear of enamel antagonists against polished monolithic zirconia crowns., J. Dent.. 2018; 68: 19-27.

        [CrossRef] [PubMed]
      


      
        	[35]

        	Manicone P.F., Rossi Iommetti P., Raffaelli L.. An overview of zirconia ceramics: Basic properties and clinical applications., J. Dent.. 2007; 35(11): 819-826.

        [CrossRef] [PubMed]
      


      
        	[36]

        	Bankoğlu Güngör M., Aydın C., Yılmaz H., Gül E.B.. An overview of zirconia dental implants: Basic properties and clinical application of three cases., J. Oral Implantol.. 2014; 40(4): 485-494.

        [CrossRef] [PubMed]
      


      
        	[37]

        	Afrashtehfar K.I., Del Fabbro M.. Clinical performance of zirconia implants: A meta-review., J. Prosthet. Dent.. 2020; 123(3): 419-426.

        [CrossRef] [PubMed]
      


      
        	[38]

        	Bathala L., Majeti V., Rachuri N., Singh N., Gedela S.. The role of polyether ether ketone (PEEK) in dentistry–a review., J. Med. Life. 2019; 12(1): 5-9.

        [CrossRef] [PubMed]
      


      
        	[39]

        	Skirbutis G., Dzingutė A., Masiliūnaitė V., Šulcaitė G., Žilinskas J.. PEEK polymer’s properties and its use in prosthodontics. A review., Stomatologija. 2018; 20(2): 54-58.

        [PubMed]
      


      
        	[40]

        	Wang H., Xu M., Zhang W., Kwok D.T.K., Jiang J., Wu Z., Chu P.K.. Mechanical and biological characteristics of diamond-like carbon coated poly aryl-ether-ether-ketone., Biomaterials. 2010; 31(32): 8181-8187.

        [CrossRef] [PubMed]
      


      
        	[41]

        	Wimmer T., Huffmann A.M.S., Eichberger M., Schmidlin P.R., Stawarczyk B.. Two-body wear rate of PEEK, CAD/CAM resin composite and PMMA: Effect of specimen geometries, antagonist materials and test set-up configuration., Dent. Mater.. 2016; 32(6): e127-e136.

        [CrossRef] [PubMed]
      


      
        	[42]

        	Moby V., Dupagne L., Fouquet V., Attal J.P., François P., Dursun E.. Mechanical Properties of Fused Deposition Modeling of Polyetheretherketone (PEEK) and interest for dental restorations: A systematic review., Materials. 2022; 15(19): 6801.

        [CrossRef] [PubMed]
      


      
        	[43]

        	Papathanasiou I., Kamposiora P., Papavasiliou G., Ferrari M.. The use of PEEK in digital prosthodontics: A narrative review., BMC Oral Health. 2020; 20(1): 217.

        [CrossRef] [PubMed]
      


      
        	[44]

        	Porojan L., Toma F.R., Vasiliu R.D., Topală F.I., Porojan S.D., Matichescu A.. Optical Properties and Color Stability of Dental PEEK related to artificial ageing and staining., Polymers (Basel). 2021; 13(23): 4102.

        [CrossRef] [PubMed]
      


      
        	[45]

        	Lee C.H., Mukundan A., Chang S.C., Wang Y.L., Lu S.H., Huang Y.C., Wang H.C.. Comparative analysis of stress and deformation between one-fenced and three-fenced dental implants using finite element analysis., J. Clin. Med.. 2021; 10(17): 3986.

        [CrossRef] [PubMed]
      


      
        	[46]

        	Lekholm U., Zarb GA., Albrektsson T.. Patient selection and preparation. Tissue integrated prostheses. Chicago: Quintessence Publishing Co. Inc; 1985: 199-209.

      


      
        	[47]

        	Madfa A.A., Al-Sanabani F.A., Al-Qudami N.H., Al-Sanabani J.S., Amran A.G.. Use of zirconia in dentistry: An overview., The Open Biomaterials Journal. 2014; 5: 1-9.

      


      
        	[48]

        	Kaleli N., Sarac D., Külünk S., Öztürk Ö.. Effect of different restorative crown and customized abutment materials on stress distribution in single implants and peripheral bone: A three-dimensional finite element analysis study., J. Prosthet. Dent.. 2018; 119(3): 437-445.

        [CrossRef] [PubMed]
      


      
        	[49]

        	Xin H., Shepherd D.E.T., Dearn K.D.. Strength of poly-ether-ether-ketone: Effects of sterilisation and thermal ageing., Polym. Test.. 2013; 32(6): 1001-1005.

        [CrossRef]
      


      
        	[50]

        	Schwitalla A., Müller W.D.. PEEK dental implants: A review of the literature., J. Oral Implantol.. 2013; 39(6): 743-749.

        [CrossRef] [PubMed]
      


      
        	[51]

        	Guven S., Aguloglu S., Beydemir K., Dundar S., Atalay Y., Ucan M.C., Asutay F.. Examination of stress distribution and fracture resistance in five-unit tooth- and implant-supported partial fixed zirconia prosthesis., Biotechnol. Biotechnol. Equip.. 2015; 29(6): 1176-1183.

        [CrossRef]
      


      
        	[52]

        	Niinomi M.. Recent research and development in titanium alloys for biomedical applications and healthcare goods., Sci. Technol. Adv. Mater.. 2003; 4(5): 445-454.

        [CrossRef]
      


      
        	[53]

        	Satoh T., Maeda Y., Komiyama Y.. Biomechanical rationale for intentionally inclined implants in the posterior mandible using 3D finite element analysis., Int. J. Oral Maxillofac. Implants. 2005; 20(4): 533-539.

        [PubMed]
      


      
        	[54]

        	Sevimay M., Turhan F., Kiliçarslan M.A., Eskitascioglu G.. Three-dimensional finite element analysis of the effect of different bone quality on stress distribution in an implant-supported crown., J. Prosthet. Dent.. 2005; 93(3): 227-234.

        [CrossRef] [PubMed]
      

    

  


  

OEBPS/Images/e18742106325708_F5.jpg





OEBPS/Images/e18742106325708_F1.jpg





OEBPS/Images/cover.jpg
ISSN: 1874-2106

The
Open Dentistry
Journal

Mechanical Integrity of All-on-Four Dental Implant
Systems: Finite Element Simulation of Material

Properties of Zirconia, Titanium, and PEEK

TR

o

BENTHAM OPEN





OEBPS/Images/e18742106325708_F4.jpg
prase 2059w
aamnrs S 000020841 ax
Ao i I oononsma
freesten o262805

o3 2315705

(c)





OEBPS/Images/e18742106325708_F3.jpg





OEBPS/Images/e18742106325708_F2.jpg





