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Abstract

:

The object of the study was to evaluate the suitability and trueness of the removable partial denture (RPD) framework fabricated by polyether ether ketone (PEEK) with the CAD-CAM technology in vitro. Four different types of dentition defects were selected. In each type, five PEEK RPD frameworks were fabricated by the CAD-CAM technology, while five Co-Cr RPD frameworks were made by traditional casting. The suitability of the framework was evaluated by silicone rubber film slice measurement and the three-dimensional image overlay method. The trueness of the PEEK framework was detected by the three-dimensional image overlay method. Data were statistically analyzed with the use of an independent samples t-test (α = 0.05). The suitability values by silicone rubber film slice measurement of the PEEK group were lower than those of the Co-Cr group in four types, with the differences indicating statistical significance (p < 0.05) in type one, type two, and type four. The suitability values using the three-dimensional image overlay method showed no statistical differences (p > 0.05) between the two groups in four types. The trueness values of the PEEK group were within the allowable range of clinical error. The suitability and trueness of the PEEK RPD framework fabricated by CAD-CAM technology met the requirements of the clinical prosthesis.
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1. Introduction


Despite the widespread use of implant dentures, removable partial dentures (RPDs) remain the most commonly used method for repairing dental defects in clinical practice. Removable partial dentures are favored in prosthetics because of their wide application range, simple manufacturing process, relatively low cost, simple post-repair, and the fact that patients can remove and put them on themselves [1,2]. With technological advancements, the requirements of removable partial dentures are not only limited to the restoration of function but also focus on beauty and comfort [3]. Nonetheless, the problem of significant differences in the resistance properties between plastics and metals, along with stress concentration at the joint, cannot be ignored [4].



Polyether ether ketone (PEEK) is a high polymer composed of one ketone bond and two ether bonds in the main chain structure, making it a unique polymer material. Due to its fine biocompatibility, mechanical properties, and stress conductivity, several researches have used PEEK as a restorative material in the field of dental implants [5]. Recent advancements have seen PEEK’s application broaden to include both fixed and removable partial dentures [6,7,8]. A study by Costa et al. indicated PEEK materials were used to make prosthetics for patients of maxillary defects with satisfactory restoration results [9]. Chen et al. found that the PEEK RPD frameworks induced less stress on abutment teeth and periodontal membranes than metal ones, suggesting PEEK could be considered a viable option for denture restoration in patients with periodontal disease [10]. Therefore, PEEK can not only improve the aesthetic appeal of removable partial denture restoration but can also eliminate allergic reactions and other discomfort caused by metal materials in traditional removable partial dentures [11,12].



With the wide use of digital technology in prosthodontics, PEEK is gradually utilized in fabricating removable partial dentures with the integration of CAD-CAM technology [13]. Removable partial dentures can be fabricated with the integration of the clasp, denture base, framework, and artificial teeth. Some scholars have discovered that the integrated cutting of PEEK material could circumvent issues of stress concentration and the propensity for easy fractures at the joints between different materials observed in traditional cast dentures [4,14]. For patients with anterior tooth isolated loss, artificial teeth often break off repeatedly due to the large bite force of the patient’s anterior teeth, which brings many troubles to the patient. With the use of PEEK material, the removable partial dentures made by integrated cutting may avoid the problem. Some clinical reports underscored CAD-CAM’s effectiveness in crafting PEEK frameworks, presenting them as viable alternatives to traditional removable partial dentures [3,13]. The study applied milled PEEK to fabricate removable maxillary obturator prosthesis with the CAD-CAM technology [9]. The research showed that the PEEK framework produced lower stress on the periodontal ligament but higher stress on the free soft tissue and alveolar bone compared with other materials [10]. In addition, the research results indicated that the PEEK framework had fine stress distribution and reduced the strain around abutments and alveolar ridges compared with metal materials [15]. These findings, coupled with positive clinical feedback, have led to increased patient satisfaction, highlighting the role of PEEK in improving the quality and appeal of removable partial dentures.



Suitability is considered a role criterion for evaluating the clinical feasibility of the RPD framework [16]. There are primarily two manufacturing methods for PEEK removable partial dentures: one is directly milling the PEEK billet, and the other is using resin printing combined with the lost wax technique and filled with PEEK [4,16]. The research demonstrated that the removable partial dentures obtained by direct manufacturing technology achieved better accuracy than the removable partial dentures manufactured by indirect manufacturing technology. At the same time, both methods could satisfy the clinical application standards [17,18]. The study of Ye et al. compared the difference in the suitability of PEEK RPD designed and manufactured by CAD-CAM technology and traditional RPD in vitro [19]. The results indicated that the integrated PEEK RPD had better suitability (overall deviation of 42.8 ± 29.4 μm) in the field of the base, large connector, and composite support compared with traditional cast metal RPD.



Despite these advances, there remains a scarcity of experimental studies on the clinical performance of PEEK RPDs, particularly quantitative analyses comparing them with traditional metal RPDs [20]. Due to the lack of systematic research, it is still challenging to obtain accurate results to evaluate the clinical effect of removable partial dentures fabricated by CAD-CAM technology. Consequently, the examination of clinical properties such as fit and retention for PEEK RPDs warrants more systematic investigation.



In response to this need, this study designed and fabricated the PEEK RPD framework with four types of different teeth defects with CAD-CAM technology to explore the feasibility of digital fabrication of PEEK RPD. The PEEK RPD framework was fabricated by the CAD-CAM technology, while the Co-Cr RPD framework was made by traditional casting. The suitability of the PEEK RPD framework and Co-Cr RPD framework was evaluated by silicone rubber film slice measurement and the three-dimensional image overlay method in vitro. The trueness of the PEEK RPD framework was detected by the three-dimensional image overlay method in vitro. The null hypotheses were that the suitability of the PEEK RPD framework would have no significance with the Co-Cr RPD framework by silicone rubber film slice measurement and three-dimensional image overlay method and that the trueness of the PEEK RPD framework would be within the clinically acceptable error range.




2. Materials and Methods


2.1. Materials and Groups


The study was divided into two groups: the PEEK group (the RPD framework fabricated by PEEK, HL220302, Shanghai Huliang Biomedical Technology Company, Shanghai, China) and the Co-Cr group (the RPD framework fabricated by Co-Cr, Wirobond C+, Bego Company, Bremen, Germany). The RPD frameworks contained four types of different teeth defects: type one: missing teeth of mandibular bilateral terminal free; type two: missing teeth of mandibular bilateral non-terminal free; type three: missing teeth of maxillary bilateral non-terminal free; and type four: missing teeth of maxillary single posterior.




2.2. Selection of Denture Defect Models


We selected four types of dentition defects as the standard oral models (E50HD, NISSIN, Japan). Type one: missing teeth of mandibular bilateral terminal free (36, 37, 46, 47 missing). Type two: missing teeth of mandibular bilateral non-terminal free (35, 36, 44, 45, 46 missing). Type three: missing teeth of maxillary bilateral non-terminal free (15, 16, 24, 25, 26 missing). Type four: missing teeth of maxillary single posterior (26 missing) (Figure 1). The models were scanned by the three-dimensional scanner (D800 3D Scanner, 3-Shape, Copenhagen, Denmark) to acquire the digital data.




2.3. Design and Fabrication of the RPD Framework


The designs of RPD frameworks were developed using 3Shape dental design software (3Shape Dental System 2018, 3Shape, København, Denmark) (Figure 2). For the PEEK frameworks, fabrication was performed using CAD-CAM technology, while the Co-Cr alloy frameworks were manufactured by the traditional casting process.



The clasp and major connector of the four different types of denture defect models were designed in 3Shape Dental System 2018. Firstly, the initial phase of the design focused on the detailed crafting of clasps and occlusal rests of the corresponding abutment teeth. As the denture defect differed, the design of the clasp and occlusal rest was diversified. The path of insertion for the clasps was precisely aligned with the guide plane, ensuring an optimal depth into the undercut of 0.25 mm. This meticulous attention to detail was applied to both materials, with PEEK clasps designed to have a thickness and width of approximately 1.5 mm and 3.0 mm with the strategic width-to-thickness ratio of 2:1. Meanwhile, Co-Cr clasps were conceived with slightly slimmer dimensions of approximately 1.0 mm in thickness and 2.0 mm in width, also maintaining a strategic width-to-thickness ratio of 2:1. The terminal third of the retaining arm of the clasp effectively engaged with the undercut of the abutment teeth, providing optimal retention. Then, the design process advanced to the specification of major connectors, with considerations made for the diversity of denture defects. The major connector thickness for the PEEK RPD frameworks was established at 2 mm. The thickness of the major connector for the Co-Cr RPD frameworks was set at 0.5 mm. Finally, the design integrated the major connector, the clasps, and the occlusal rests to complete the RPD framework, and the CAD files of the PEEK and Co-Cr RPD design were then exported for fabrication.



The PEEK RPD framework was fabricated by the five-axis cutting machine (ARUM-5X-200, ARUM, Daejeon, Republic of Korea), ensuring precise and integrated cutting from the design data for each denture defect type. The completed PEEK framework design data of different types of denture defects was imported to the five-axis cutting machine and integrated cutting to obtain the PEEK RPD framework.



The design data of the Co-Cr RPD framework was used to print the wax type. The Co-Cr RPD frameworks underwent a traditional fabrication by embedding and casting using the lost wax method. This process utilized a medium-frequency casting machine (HDZP-IV, HaiDeHaoTian, Tianjin, China) and was completed with a final phase of sandblasting using alumina particles (50 μm in diameter) under 500 kPa of air pressure to refine the surface.




2.4. The Suitability of RPD Framework by Silicone Rubber Film Slice Measurement


The RPD framework was installed entirely on the model after the light silicone rubber (Honigum, DMG, Hamburg, Germany) was evenly coated on the structure surface of the framework. A vertical pressure of about 20 N was applied to the center of the framework mechanically for 10 min until the silicone rubber was completely solidified. Then, the excess light silicone rubber was removed, and the framework covered with light silicone rubber was split from the model. A layer of heavy silicone rubber was added underneath the light silicone rubber to provide additional support. After the heavy silicone rubber solidified, the silicone rubber was separated from the framework.



For analytical precision, nine reference points were established by selecting three locations at each detection site: the left edge, the right edge, and the center of the major connector (Figure 3). The thickness of the light silicone rubber at these nine points was meticulously observed and measured under a stereomicroscope at 30× magnification. The average thickness of the light silicone rubber across these points was computed, establishing an objective measure of the suitability of the framework. This average thickness served as a critical benchmark, reflecting the uniformity of the fit of the RPD framework and adaptation to the surface of the model.




2.5. The Suitability of RPD Framework by Three-Dimensional Image Overlay Method


The digital data of the PEEK and Co-Cr RPD framework with or without light silicone rubber were scanned by a high-precision tabletop scanner (d-Station 3D scanner, Breuckmann, Denmark) in this study. The scanner was calibrated before the procedure of scanning. The light silicone rubber was evenly applied to the tissue surface of the framework. Once the silicone rubber solidified completely, any excess silicone rubber was carefully removed from the framework. Subsequently, the framework coated with silicone rubber was detached from the model.



The framework coated with silicone rubber was then positioned on a base and dusted with spray powder (DPT-5, Xinmeida, Shanghai, China) to improve scan visibility. A precision scanner was utilized to capture the framework data with the silicone rubber coating. After scanning, the light silicone rubber was removed from the surface of the framework without altering its position. The framework without silicone rubber was sprayed with the powder. The scanning proceeded again to acquire the data of the framework without silicone rubber.



The image analysis software (Geomagic Wrap 2017, Geomagic, Triangle Park, NC, USA) (Figure 4a,b) was employed to manually register and align the scanned data of the frameworks, both with and without light silicone rubber (Figure 4c). The registered matching images were analyzed for deviation. The calculated deviation represented the thickness of the light silicone rubber.




2.6. The Trueness of the PEEK RPD Framework with CAD-CAM Technology


The PEEK RPD frameworks were scanned with spray powder by the high-precision tabletop scanner. The image analysis software (Geomagic Wrap 2017, Geomagic, USA) was used to compare the data acquired by the PEEK RPD framework scanning and the image data with CAD design. The registered matching images provided a deviation analysis to evaluate the accuracy of the PEEK RPD framework with CAD-CAM technology.




2.7. Statistical Analysis


SPSS 23 statistical analysis software was used to analyze the above-measured values. Two independent sample t-tests were conducted to compare the PEEK and the Co-Cr RPD frameworks within each of the four distinct types of denture defects.





3. Results


3.1. The Suitability of Silicone Rubber Film Slice Measurement


The suitability values of the PEEK group were 88.37–197.12 μm, compared to 135.06–239.20 μm for the Co-Cr group (Table 1). In type one, the thickness values of the light silicone rubber of the PEEK group were 162.16 ± 23.45 μm, and those of the Co-Cr group were 224.27 ± 25.27 μm. In type two, the thickness values were 88.37 ± 23.61 μm for the PEEK group and 135.06 ± 17.01 μm for the Co-Cr group. In type three, the PEEK group thickness values were 197.12 ± 16.77 μm, while those of the Co-Cr group were about 228.90 ± 29.19 μm. In type four, the PEEK and the Co-Cr groups displayed thickness values of 158.48 ± 44.35 μm and 239.20 ± 16.36 μm. The thickness values of the PEEK group were lower than those of the Co-Cr group in four types.



Statistical analysis by independent sample t-tests was conducted to determine the suitability of different materials for each group of the RPD framework. The results displayed that the differences in suitability were statistically significant between the PEEK group and the Co-Cr group in type one, type two, and type four (p < 0.05). The suitability of the RPD framework of the PEEK group was superior to that of the Co-Cr group.




3.2. The Suitability of Three-Dimensional Image Overlay Method


Suitability measurements obtained through the three-dimensional image overlay method were detailed in Table 2. The suitability values of the PEEK group from type one to type four were 377.96 ± 46.49 μm, 398.14 ± 35.06 μm, 277.90 ± 6.39 μm, and 400.68 ± 63.59 μm. The suitability values of the Co-Cr group from type one to type four were 323.90 ± 25.58 μm, 404.06 ± 60.65 μm, 246.68 ± 43.34 μm, and 331.64 ± 24.15 μm. The results exhibited that the p values of the suitability in four types were higher than 0.05 between the PEEK group and the Co-Cr group by the application of the independent sample t-test. There were no statistical differences in the suitability of the two groups measured by the three-dimensional image overlay method.



The deviation analysis chromatogram of the PEEK group was analyzed in Figure 5. The deviation of the framework edge (including the gingival margin) was generally minimal but scattered in the high deviation area. The high-deviation area was intermittently distributed, with some reaching nearly 1000 μm. The central region of the framework exhibited a relatively larger high-deviation zone, with deviation values ranging from approximately 400–500 μm. In type one (missing teeth of mandibular bilateral terminal free) of the PEEK group, the deviations were predominantly localized near the gingival margin, reaching up to 1000 μm in particular areas.




3.3. The Trueness of the PEEK RPD Framework with CAD-CAM Technology


The trueness values of the PEEK RPD framework, as depicted in Table 3, were 196.86 ± 23.55 μm in type one, 169.92 ± 10.91 μm in type two, 256.08 ± 15.35 μm in type three, and 180.34 ± 1.27 μm in type four. Figure 6 illustrates the color-coded maps of the trueness of the RPD framework measured by the three-dimensional image overlay method. The error values of each group were in the range of 50–426.3 μm [21]. The trueness of the PEEK RPD framework was within the acceptable margins for prosthesis processing.





4. Discussion


Suitability and trueness are pivotal factors in evaluating the performance of RPD frameworks fabricated using digital technologies [22]. The aim of the study was to evaluate the suitability and trueness of the removable partial denture (RPD) framework fabricated by PEEK with CAD-CAM technology and explore the feasibility of digital fabrication of the PEEK RPD framework. The results indicated that there were significant differences in suitability between the PEEK and Co-Cr groups for types one, two, and four measured by silicone rubber film slice (p < 0.05). The suitability values by the three-dimensional image superposition method showed no statistical differences (p > 0.05) in four types between the two groups. Thus, the hypothesis of the study that the suitability of the PEEK RPD framework would have no difference with the Co-Cr RPD framework by silicone rubber film slice measurement and the three-dimensional image overlay method was rejected. Moreover, the trueness values of the PEEK RPD framework, ranging from 50 to 426.3 μm, were within the allowable range of clinical error. Therefore, the research hypothesis that the trueness of the PEEK RPD framework would be within the clinically acceptable range of error was accepted.



Suitability stands as a critical metric in the clinical performance evaluation of RPD frameworks, reflecting their fit, comfort, and functionality within the oral environment. Despite its significance, a universally accepted standard for measuring suitability is still lacking [20]. Since the 1980s, researchers have employed the silicone rubber film replication method to quantitatively measure the gap between RPD frameworks and oral soft and hard tissues, thereby assessing the suitability of the framework. This method encompassed several techniques for measuring the thickness of the silicone rubber film, such as the silicone rubber film slice measurement, the three-dimensional analysis of gypsum models, and the three-dimensional analysis of recycled models [23]. However, there was no standard measurement point for the silicone rubber film slice measurement method, leading researchers to choose varying numbers and locations of points based on the specific goals of their studies [24,25].



In the study, the silicone rubber film slice measurement method and three-dimensional image overlay method were conducted to detect the suitability of RPD frameworks in different types of dentition defects. The three-dimensional image overlay method was chosen to calculate the average fitness of the whole framework, and the deviation analysis chromatogram was observed to evaluate the fitness differences of diverse parts of the framework. The measurement points were primarily chosen along the edge of the major connector, including the gingival margin, to gauge the fitness of the framework for the silicone rubber film slice measurement method. The three-dimensional image overlay method was chosen to calculate the average fitness of the whole framework for a holistic assessment, with a deviation analysis chromatogram providing insight into the differences in the fitness among diverse framework sections. The suitability values of the PEEK group were measured between 88.37–197.12 μm, and those of the Co-Cr group were measured between 135.06–239.20 μm in the silicone rubber film slice measurement method. The suitability values of the PEEK group were between 277.90–400.68 μm, and that of the Co-Cr group was between 246.68–404.06 μm in the three-dimensional image overlay method.



In the realm of prosthetic dentistry, particularly concerning the fabrication and application of removable partial dentures, the suitability of the RPD framework spanning from 50 to 311 μm was clinically acceptable [26]. Arnold et al. discovered that the suitability of a traditional cast metal framework could reach 133 ± 59 μm in the horizontal direction and 73 ± 25 μm in the vertical direction [22]. The study of Soltanzadeh et al. used traditional wax loss technology and CAD-CAM technology to manufacture metal RPD frameworks for missing teeth in the maxillary (the third type of Kennedy classification). The experiment detected and analyzed the suitability of large connectors, clings, and other parts [26]. The analysis showed that the traditional RPD framework had the best suitability (deviation 27 ± 40 μm), and the CAD-CAM framework had a slightly lower suitability (150 ± 13 μm), both of which successfully met the clinical requirements. Ye et al. carried out a quantitative analysis on the suitability of an integrated PEEK RPD, designed and fabricated by CAD-CAM technology, measuring the base, large connector, and overall suitability. The integrated RPD of PEEK (overall deviation 42.8 ± 29.4 μm) showed superior suitability compared with the traditional cast metal RPD [19]. The culmination of findings from various studies evidenced that the advanced integrated RPD of PEEK designed and manufactured by CAD-CAM technology did not merely approximate but potentially surpassed the performance metrics in suitability.



In the experiment, measurement points were strategically chosen along the edge of the framework, with nine reference points established by selecting three locations at each detection site: the left edge, the right edge, and the center of the major connector. This selection, while perhaps not encompassing the complete suitability of the framework, provided a reference for the edge tightness of the framework. The difference in suitability between the two methods might be related to the fact that the measurement points selected by the silicone rubber film slice measurement method were mainly located at the edge of the framework, which reflected that the edge tightness was fine. We detected that the edge deviation value of the framework was generally low, and the high deviation area was primarily located in the center of the framework with the deviation analysis chromatogram. This was consistent with the result that, as mentioned above, the suitability measured by the silicone rubber film slice measurement method was lower than that measured by the three-dimensional image overlay method. Furthermore, increased deviations were distributed near the gingival margin in the type one dentition defect, potentially due to reduced adhesion at the gingival papilla in the standard model and a gap between the tongue tip and gum after the framework was inserted. It could be concluded that the edge adhesion of the PEEK framework was significantly higher than that of the Co-Cr framework (p < 0.05) according to the silicone rubber film slice measurement. Meanwhile, the results of the three-dimensional image overlay method showed no statistical difference in suitability between the PEEK and the Co-Cr group in four types. In combination with previous research, it was considered that the suitability of the PEEK framework could meet the needs of clinical application [26,27].



The trueness of the fabricated PEEK framework indicated that it was acceptable and controllable in the study. The error values were within the permissible range of prosthesis processing (50–426.3 μm) [21]. Tasaka et al. studied the trueness of RPD frameworks manufactured by two methods: one is the 3D printing technology and casting (AM-Cast), and the other is the selective laser sintering (SLS) method [28]. The researchers reported that the variations in trueness of the frameworks between AM-Cast and SLS ranged from −185 ± 138 to 352 ± 143 μm and −166 ± 9 to 123 ± 9 μm. The trueness of Co-Cr and Ti-6Al-4V alloy frameworks for RPDs fabricated by selective laser melting underwent evaluation in the research of Peng et al. [29]. The results indicated that the difference values of trueness ranged from 323 μm to 550 μm, which was considered to achieve trueness, was as high as those of traditional casting methods. The systematic review of Ana et al. evaluated seven articles that complied with the requirements for inclusion [15]. Due to the misfits and mismatches being beneath the acceptable clinical threshold for RPDs, the results pointed out the accuracy of the digital technique for RPD frameworks. PEEK showed a better fit than traditional metal cast RPDs. They considered a gap from 50 to 311 mm as a clinically acceptable fit of the RPD framework. Based on previous research, the trueness of the PEEK framework in this study, varying from 169.92 ± 10.91 μm to 256.08 ± 15.35 μm was within the clinically acceptable range. The CAD designs for prostheses of four types of teeth defects could be satisfactorily copied into the PEEK framework. Although the comprehensive structure of the framework suffered some slight alterations during the processing, these modifications did not affect the final PEEK framework, which met the existing clinical requirements for the trueness of the removable partial denture [30].



Varying designs of removable partial dentures, involving variances in the shape of the clasp and thickness of the framework, had been shown to possess a significant effect on abutment teeth as well as the surrounding oral soft and hard tissues [31,32,33,34]. With the goal of clarifying the design principles of PEEK RPDs, the stress distribution of the PEEK RPD framework in different designs will be further improved and analyzed in the subsequent research to find the best design for various cases of dentition defect. Combined with clinical research, it was possible for the integrated PEEK RPD with digital technology to be applied in prosthodontics.



With the limitation of the study, this research of the PEEK PRD framework was an in vitro study. The in vitro experiments could not fully simulate the actual situation in the mouth. The selection of denture defect models in the survey was considered based on the span range of the framework and the difference between mandibular and maxillary. Combining the above considerations, four different types of denture defect models were designed and fabricated for the RPD framework. The PEEK PRD framework design and evaluation according to the Kennedy classification and other factors will be considered for further study. At the same time, further in vivo studies of the PEEK PRD framework need to be explored to provide a basis for the clinical application of PEEK material.




5. Conclusions


In the study, the suitability values of the PEEK group by silicone rubber film slice measurement were lower than the Co-Cr group in four types. There were statistical differences between the PEEK and the Co-Cr groups in type one, type two, and type four. The suitability values of the PEEK and Co-Cr groups by the three-dimensional image overlay method showed no statistical differences in the four types. The trueness values of the PEEK group with four types were within the allowable range of clinical error.



The suitability and trueness of the PEEK RPD framework fabricated by CAD-CAM technology both met the demand of the clinical prosthesis. The digital fabrication of PEEK had great potential in removable partial dentures.
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Figure 1. Dentition defect mode