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Abstract

:

Polylactic acid (PLA) has gained considerable attention as an alternative to petroleum-based materials due to environmental concerns. We fabricated implant models with fused filament fabrication (FFF) 3D printers using PLA, and the accuracies of these PLA models were compared with those of plaster models made from silicone impressions and resin models made with digital light processing (DLP). A base model was obtained from an impact-training model. The scan body was mounted on the plaster, resin, and PLA models obtained from the base model, and the obtained information was converted to stereolithography (STL) data by the 3D scanner. The base model was then used as a reference, and its data were superimposed onto the STL data of each model using Geomagic control. The horizontal and vertical accuracies of PLA models, as calculated using the Tukey–Kramer method, were 97.2 ± 48.4 and 115.5 ± 15.1 μm, respectively, which suggests that the PLA model is the least accurate among the three models. In both cases, significant differences were found between PLA and gypsum and between the PLA and resin models. However, considering that the misfit of screw-retained implant frames should be ≤150 µm, PLA can be effectively used for fabricating implant models.
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1. Introduction


The history of dental implants in current use can be traced back to the first clinical use of root-shaped titanium implants in 1965, which are still in use today. The bonding mode between bone and titanium is called osseointegration [1]. Various surface treatments, including blasting, etching, sandblasting, and anodizing, are used to ensure osseointegration [2,3,4]. Oates et al. reported that implant stability can be accelerated by two weeks if implants are sandblasted and surface-treated with acid etching [5]. In a 20-year follow-up study of 631 patients and 1472 implant bodies, Cheng et al. reported a 94% implant survival rate [6]. Various surface treatment techniques have accelerated implant stability and established the long-term prognosis of implant therapy [7]. In recent years, digital technology has been widely used in implant treatment. The concepts of top-down treatment and static and dynamic navigation in surgery have become widespread, allowing for safe and esthetic implant treatment for patients [8,9,10]. In implant prosthetic treatment, intraoral scanners (IOSs) and computer-aided design/computer-aided manufacturing (CAD/CAM) have been applied to single-tooth and multiple-tooth defect cases. This has enabled the digitization of almost all processes, leading to improved accuracy of prosthetics, shorter treatment times, and reduced fabrication times of technical work [11,12,13].



The Sustainable Development Goals, adopted at the 2015 United Nations Summit, are currently attracting attention from the environmental perspective. In particular, Goal 12, “ensure sustainable patterns of consumption and production”, targets waste reduction [14]. According to the WHO, biomedical waste (BMW) is one of the most important categories of waste, posing significant potential risks to people and the environment. BMW is defined as “the generation of waste in medical institutions, medical research facilities, laboratories, and private practices”. The global growth of the medical and dental sectors and the increase in disposable products have resulted in the generation of large amounts of medical and dental waste [15]. A survey on dental waste in Greece [16] reported that 141 kg of waste was collected from 20 dental clinics with a total patient population of 2542, with 8% of the total weight being household waste and 92% hazardous waste. Koolivand et al. also reported that in Urmia, Iran, general dental offices accounted for 58.94 kg of waste per day, specialized dental clinics for 17.92 kg/day, dental clinics for 10.22 kg/day, household waste for 35.46%, potentially infectious waste for 32.24%, and toxic waste for 11.83%, while chemical and pharmaceutical wastes accounted for 5.56% of the total [17]. According to the Survey Report on Industrial Waste Discharge and Disposal by Sector reported by Japan’s Ministry of the Environment in 2021, the amount of industrial waste discharged by the medical industry accounted for 438 (thousand tons) in 2021. Our dental hospital in Japan also generates approximately 2660 kg of industrial waste per year. Therefore, the reduction, management, and reuse of dental waste is a challenge that healthcare professionals face [18]. Papi et al. discussed how impression materials and plaster casts with blood or saliva on them can be a source of infection [19]. Frahdian et al. stated that alginate impressions are one of the reasons for the increase in dental waste [20]. Silicone impression material, alginate, and plaster are considered industrial waste in the field of dentistry in Japan. Plaster is commonly used to fabricate dental models, but plaster models are gradually being replaced by resin models sculpted by light-based 3D printers due to the widespread use of IOSs and 3D printers in dentistry [21,22]. This is because the light-based 3D printer method is considered to have better accuracy. Ishida et al. [23] fabricated dental patterns and verified their accuracy using consumer 3D printers such as a fused filament fabrication (FFF) device, a stereolithography (SLA) device, and two types of dental 3D printers (a Multijet device and an SLA device). As a result, the surface roughness of the civilian consumer FFF devices is significantly larger than that of the SLA devices, and the accuracy of the SLA devices is better than that of the civilian FFF devices. Kim et al. [24] measured the accuracy of models fabricated using SLA, digital light processing (DLP), FFF, and PolyJet. Overall tooth measurements were 88 ± 14 μm for SLA, 76 ± 14 μm for DLP, 99 ± 14 μm for FFF, and 68 ± 9 μm for PolyJet, indicating that 3D printing technology is applicable to dental models. SLA uses a UV laser to form the liquid resin. DLP uses a projector to project an image of one layer onto the entire surface of the build platform and cures the entire layer on a “surface” rather than curing it at “dots” as with the SLA devices [25]. In dentistry, SLA and DLP are used to produce orthodontic devices and surgical guides for implant surgery due to their accuracy [26,27]. However, light-based 3D printers can only use resin, and light-mediated resin cannot be broken down since it is a polymer. Therefore, resin models cannot be reused and they do not help reduce industrial waste [28]. That is why we turned our attention to FFF. In the FFF manufacturing process, raw material is melted to form an object called a filament. This material is pulled by a drive wheel through filaments placed on a roll and heated by a temperature-controlled nozzle head to produce a semi-liquid material that is precisely extruded and guided layer by layer to produce the desired object [29]. FFF uses various filaments, such as polylactic acid (PLA), acrylonitrile butadiene styrene, and polyethylene terephthalate [30].



Since PLA is present in the filament used for FFF, we believe that PLA could be reused after the model is fabricated and remolded, thereby reducing industrial waste. PLA is characterized by decomposition into water and carbon dioxide under composting conditions of high temperature, high humidity, and the presence of microorganisms [31,32]. PLA is widely used in medical practice, and its biocompatibility has been widely reported [33,34,35]. However, there have been few reports on the use of FFF or PLA in dentistry. Benli et al. [36] and Molinero-Mourelle et al. [37] reported the superiority of PLA as a provisional crown. Crenn et al. [38] compared the mechanical properties of PLA to those of conventional resins and reported that PLA has mechanical properties similar to those of conventional resins with low porosity and could be used for provisional crowns. However, Park et al. [39] reported that three-unit provisional crowns fabricated from SLA and DLP had superior bending strength, and it was difficult to fabricate three-unit provisional crowns from FFF. Results may vary depending on the nature of the 3D printer and the filament. The glass transition temperature of PLA is as low as 60 °C. Methods to increase the heat resistance of PLA have been studied, but no clear method has been found that does not impair the biodegradability of PLA [40,41]. Therefore, it is currently difficult to use PLA as a crown, and practically, it is more useful for making dental models.



Regarding FFF, Muta et al. [42] compared plaster models and polyvinyl alcohol (PVA) models made with FFF and reported the usefulness of FFF and PVA. Wang and Su [43] compared the accuracy of edentulous trays fabricated using DLP and FFF with that of conventional manual edentulous trays and found the digitally fabricated trays to have higher precision. Research on filament reuse has also been conducted. Lagazzo et al. [44] reported the effectiveness of PLA and poly (3-hydroxybutyrate-co-3-hydroxyvalerate)-based biocomposites for composite material recycling. Vidakis et al. also reported that PA12 polymers can be reused up to three times [45]. Anderson et al. [46] compared the mechanical properties of virgin PLA and one-time-recycled PLA and reported a 10.9% decrease in tensile strength, 6.8% increase in shear strength, and 2.4% decrease in the hardness of the reused filaments. While there are many reports on the reuse of PLA, no clear process for reuse has been defined. Majgaonkar et al. [47] believe that it is important to have a sustainable strategy for recycling PLA waste due to current environmental concerns, although recycling PLA will degrade its mechanical properties. They also considered recycling strategies that involve the alcoholysis of post-consumer PLA into lactic acid esters. We believe that the use of an IOS and PLA to fabricate and reuse implant models would lead to dental care with reduced waste [48]. However, to the best of our knowledge, there are no reports documenting the accuracy of implant models using FFF or PLA. In our previous study, we compared dental models made of PLA with those made of resin and plaster, and reported that the PLA models were equally accurate [49]. Therefore, in this study, we aimed to compare the accuracy of implant plaster models made from silicon impression material and plaster, implant resin models made with DLP, and implant PLA models made with FDM.




2. Materials and Methods


Straumann® ∮4.1 × 10 implants (bone-level tapered implant, Basel, Switzerland) were placed on a jaw model for implant training ([D18D-KP.80]; NISSIN, Tokyo, Japan), Switzerland) and were used as the base model. Next, the scan body (S-WAVE, SHOFU INC, Tokyo, Japan) was mounted and scanned with a 3D scanner (Ceramill Map® 400; Amann Girrbach, Vienna, Austria) to acquire stereolithography (STL) data of the mother model. The process of making each model and obtaining STL data is described below. The models are shown in Figure 1. This study was conducted in compliance with SQUIRE guidelines.



2.1. STL Data Acquisition for Plaster Implant Models


Precision impressions were made on base models with impression copings using silicone (Aquasil Ultra®; Dentsply Sirona, York, PA, USA). The lab analog was then mounted on an impression coping, and plaster (New Fujirock®; GC, Tokyo, Japan) was poured to fabricate the implant model. A scan body (S-WAVE, Shofu, Tokyo, Japan) was attached, scanned with a 3D scanner, and converted to STL data.




2.2. STL Date Acquisition for Resin Implant Models


Digital impressions were made by the IOS (Trios® 3; 3shape, Copenhagen, Denmark) on the base model with the scan body attached, and then DLP (cara® Print 4.0 pro; Kulzer Japan Co., Ltd., Tokyo, Japan) and light-curing resin (dima® Print Stone; Kulzer Japan Co., Ltd., Tokyo, Japan) were used to fabricate the resin models. The layer thickness was 50 µm. The resin model was fitted with a scan body and converted to STL data using a 3D scanner.




2.3. STL Data Acquisition for PLA Implant Models


Digital impressions of the base model were taken with the scan body attached; FFF (Moment® M350; Moment Co., Ltd., Seoul, Republic of Korea) and a 1.75 mm PLA filament from Moment® (Moment Co., Ltd., Seoul, Republic of Korea) were used to fabricate the PLA models. The fabrication conditions were as follows: modeling temperature of the material = 230 °C and layer thickness = 100 µm. The PLA model was fitted with a scan body and converted to STL data using a 3D scanner. No surface polishing or chemical treatment was performed after printing. The specifications of the 3D printers are shown in Table 1.




2.4. Measurement of Accuracy


After obtaining the STL data for each model, the accuracy of the scanned body of plaster, resin, and PLA models was measured using Geomagic® Control (3D Systems, Washington, DC, USA) based on the STL data of the base model. The superimposing of STL data was performed after trimming the excess data, followed by manual alignment based on three landmarks, and best-fit registration was used for greater accuracy. The average of the results was obtained by randomly selecting three points from the superimposed scan body data (Figure 2). The scan bodies were all in the same orientation. Five models were designed for each. Accuracy was measured in two directions, viz. horizontal and vertical.




2.5. Statistical Analysis


The accuracy of the model was verified through the Tukey–Kramer method using a bell curve in Excel (Social Survey Research Information Co., Ltd., Tokyo, Japan). Continuous data are expressed as mean ± standard deviation. Differences with a p value < 0.05 were considered statistically significant.





3. Results and Discussion


In this study, horizontal accuracies of 53.4 ± 9.4, 54.3 ± 23.4, and 97.2 ± 48.4 μm were obtained for plaster, resin, and PLA, respectively (p < 0.05), while the corresponding vertical accuracies were 61.8 ± 10.1, 60 ± 13.8, and 115.5 ± 15.1 μm (p < 0.001). In both cases, PLA had the lowest accuracy. Significant differences in horizontal accuracies were found between PLA and plaster and PLA and resin. Vertical accuracies were similarly significantly different between PLA and resin (Figure 3).



The findings of this study demonstrate that the accuracy of PLA models was inferior to that of the resin and plaster models both vertically and horizontally. However, with the improved accuracy of 3D printers, PLA could be used as a new material in dentistry. Furthermore, due to the advantages of its characteristics, PLA can be reused to reduce industrial waste and carbon dioxide emissions [50].



Reports on model-less prosthetic fittings are scarce; a systematic review by Joda et al. found only two reports on model-less crown fits and one on implant superstructure fit [51]. Joda et al. also compared the accuracy of 10 superstructures fabricated without models and 10 superstructures with models and reported that the model-less superstructures required less adjustment and time to fit [52]. However, Mühlemann et al. reported that the fabrication of fittings with digital models should be considered as these were more accurate than those made with conventional plaster models [53].



When fabricating a superstructure, a model is necessary for creating the bond between the zirconia and the titanium base. Particularly in the case of single-tooth implants, the titanium base has an anti-rotation mechanism, and if a model is not used, minor misalignments may prevent the implant from fitting in the mouth. Therefore, the accuracy of the model is important. Geomagic® Control, which was used to measure the accuracy in this study, is widely used in dentistry to verify the crown fit and IOS accuracy by comparing STL data [54,55,56].



Hanon et al. fabricated cylindrical specimens using FFF and reported that the modeling accuracy was as high as 98.56–99.64% [57]. The results of this study show that the accuracy of the PLA model was lower than that of the other models. We hypothesize that the accuracy loss of the PLA model was due to the difference in layer thickness between the two 3D printers. However, Kamio et al. [58] reported that the layer thickness of the FFF did not cause a significant decrease in accuracy. Additionally, FFF is limited in its ability to model detailed areas [59]. George et al. [60] reported that models fabricated with FFF are susceptible to shrinkage and warping deformation during the cooling process of the thermoplastic resin, and that geometric inaccuracies occur when models of vertebral bodies and other spinous processes are fabricated. When an implant model is fabricated using a 3D printer, a lab analog corresponding to the implant is inserted from the basal surface after the modeling. In contrast to the smooth insertion of the resin and plaster models, the PLA models could not be inserted without grinding with a laboratory bur, which could be the reason for the lower accuracy of the PLA models. It is necessary to verify whether the accuracy of dental models can be improved by using more accurate FFF or changing the modeling direction [61,62].



With respect to the fit of screw-retained implant frames, Katsoulis et al. used scanning electron microscopy to evaluate the micro-gap between the screw-retained zirconia frame and the implant using the one-screw test [63]. They reported that the micro-gap of the cast cobalt chrome frame was 236 µm, while that of the zirconia frame was 18 µm, and an acceptable distortion of <50–120 µm was noted. Al-Meraikhi et al. [64] measured the fit of the implant to the zirconia frame using an industrial computed tomography (CT) scanner and volume graphics analysis software and found that the fit was 93.8 ± 30 µm. The passive fit was reported to be acceptable at 135 µm. Yilmaz et al. [65] also reported that the marginal discrepancy of screw-fixed titanium and zirconia frameworks and abutments were 102 µm and 94 µm, respectively, measured using an industrial CT scanner and 3D volume software; they also reported clinically acceptable misfit values ranging from 10 µm to 150 µm. Many other researchers have reported misfit limits of < 150 µm for the precision of fit of screw-retained implants [66,67,68].



With respect to the accuracy of scan bodies using Geomagic® control, Mühlemann et al. [53] measured the accuracy of impressions using IOSs in five patients with a single missing tooth and teeth on both sides of the edentulous space. Three consecutive impressions were taken with each IOS to measure for accuracy. They reported that the scan body misfit was 57.2 ± 32.6 and 88.6 ± 46 µm for the iTero and Trios systems, respectively. Gedrimiene et al. [69] used conventional silicone-based impressions and IOS-based digital impressions and reported that the scan body misfit was 70.8 ± 59 µm. The horizontal and vertical accuracies of PLA models in our study were 97.2 ± 48.4 μm and 115.5 ± 15.1 μm, respectively. The accuracy of PLA models was found to be lower than that of the resin and plaster models. However, resin and plaster models cannot be reused and eventually become industrial waste. Since the misfit of the screw-fixed implant frame was <150 µm, PLA models can be used as implant models. Reusing PLA models may lead to a reduction in industrial waste and carbon dioxide emissions. The accuracy can be further improved by using a verification jig [70]. Although its accuracy needs to be verified in clinical practice, we believe that in the future, the use of PLA can contribute to reducing dental waste.



Three-dimensional printers are gaining popularity in medicine, but there are some concerns. SLA and DLP produce toxic substances and odors during the production process [71]. PLA is known to release volatile organic compounds (VOCs) during printing as well. Chan et al. [72] measured the concentration of VOCs in one printer and in a printing room when three printers were operating simultaneously. Total VOC concentrations were reported, with isopropyl alcohol being the primary VOC and both being below occupational exposure limits. Wojtyła et al. [73] reported that during PLA molding, methyl methacrylate was detected as a compound, accounting for 44% of total VOC emissions. Thus, ventilation and protection of the printing room are important because the emission of hazardous substances has been confirmed, even if within acceptable limits, during FFF modeling [74]. There is also much debate regarding the sterilization methods for PLA. Currently, the three most common industrially used sterilization methods for medical devices are ethylene oxide, gamma irradiation, and steam sterilization, which can significantly alter the properties of PLA. PLA cannot withstand steam sterilization due to its low heat resistance. Gamma irradiation and ethylene oxide have lower sterilization temperatures and can be applied to heat-sensitive materials such as PLA. However, gamma irradiation degrades polymers, and ethylene oxide is toxic, carcinogenic, and allergenic, among other drawbacks [75,76,77]. There are reports that FFF is self-sterilizing due to the high-temperature, high-pressure extrusion process [78]. Davila et al. [79] report that there is no specific technology that can be applied to all materials used in biomedical devices and that new processes are needed to avoid these problems. They also report that hydrogen peroxide gas plasma and supercritical carbon dioxide are effective sterilization methods.



A limitation of this study is that only one type of FFF was used. We believe that further detailed and extensive studies can help in better comparing the accuracy of multiple FDMs in the future. It is also important to measure how much industrial waste can be reduced by using PLA for dental treatment, compared to other materials.




4. Conclusions


We hypothesized that the characteristics of PLA could be exploited to reuse it and reduce industrial waste in dentistry. This study compared the accuracy of implant models made of PLA with that of models made of plaster and resin. The PLA models were less accurate than the other two models but considering that the misfit of the screw-fixed superstructure was <150 µm, it could be used as a new material.



However, no clear method has been established regarding the reuse of PLA. Additionally, due to the mechanical properties of PLA, an exact sterilization method has not been determined. Solving these problems will make PLA reuse a reality.
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Figure 1. Different types of constructed models. (a) A silicone impression was made on the mother model, the lab analog was attached to the impression coping, and plaster was injected to make a plaster model. (b) Impressions were taken on the base model using Trios3®, and resin models were fabricated using cara Print 4.0 pro based on the obtained STL data. (c) Impressions were taken on the base model using Trios3®, and PLA models were fabricated using Moment M350 based on the obtained STL data. STL: stereolithography. 
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Figure 2. Stereolithography (STL) of the base model superimposed on each of the models to measure accuracy. For horizontal and vertical accuracies, three points were randomly selected, and their average was used as the result. (a) Horizontal and (b) vertical accuracy. 
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Figure 3. Comparison of the horizontal and vertical accuracies of the three models. We can observe significant differences in both horizontal and vertical accuracies between plaster and polylactic acid (PLA) and resin and PLA. 
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Table 1. Specifications of the 3D printers used in this study.
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	3D Printing Technique
	3D Printer Used
	Specifications





	DLP †
	cara Print 4.0 pro

(Kulzer Japan Co., Ltd., Tokyo, Japan)
	Pixel size: XY 65.0 μm

Laminating pitch: 30–150 μm

Modeling size: 127 mm × 70 mm × 130 mm



	FFF ‡
	Moment M350

(Moment Co., Ltd., Seoul, Republic of Korea)
	XYZ accuracy:

XY 12 μm, Z 0.625 μm

Laminating pitch: 0.05–0.3 mm

Modeling size: 350 mm × 190 mm × 196 mm

Nozzle: 0.4 mm







Resin models were constructed using cara Print 4.0 pro, and PLA models were constructed using Moment M350. † Digital light processing, ‡ fused filament fabrication.
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