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Abstract

:

Additive manufacturing is becoming an increasingly important technique for the production of dental restorations and assistive devices. The most commonly used systems are based on vat polymerization, e.g., stereolithography (SLA) and digital light processing (DLP). In contrast, fused filament fabrication (FFF), also known under the brand name fused deposition modeling (FDM), is rarely applied in the dental field. This might be due to the reduced accuracy and resolution of FFF compared to vat polymerization. However, the use of FFF in the dental sector seems very promising for in-house production since it presents a cost-effective and straight forward method. The manufacturing of nearly ready-to-use parts with only minimal post-processing can be considered highly advantageous. Therefore, the objective was to implement FFF in a digital dental workflow. The present report demonstrates the production of surgical guides for implant insertion by FFF. Furthermore, a novel approach using a temperature-sensitive filament for bite registration plates holds great promise for a simplified workflow. In combination with a medical-grade filament, a multi-material impression tray was printed for optimized impression taking of edentulous patients. Compared to the conventional way, the printed thermoplastic material is pleasant to model and can allow clean and fast work on the patient.
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1. Introduction


The development of computer-aided design and manufacturing (CAD-CAM) has facilitated manufacturing in dental laboratories. In combination with subtractive manufacturing (“milling/grinding”), reliable results and increased productivity can be achieved [1]. However, subtractive manufacturing has the disadvantage of high material loss and equipment wear. In addition, the manufactured parts can exhibit stress-related defects [2]. In contrast, with additive manufacturing (AM), components can be manufactured by adding material. This technology, also known as tool-less manufacturing technology, shows minimal wear and provides a greater degree of utilization of the feedstock material.



In AM, the virtual objects are digitally cut into layers prior to the manufacturing process. Subsequently, the virtual object is transformed into a solid component by depositing material layer by layer [3].



Currently, additive processes based on vat-polymerization, in particular stereolithography (SLA) and digital light processing (DLP) systems, are mainly used in dentistry [4,5]. These processes are based on the local light polymerization of a photosensitive resin. While the SLA process works with a laser for polymerization [6], DLP systems operate with a projector, which allows an entire layer to be exposed at the same time. This makes production time independent of the surface area covered by the object(s) and enables time-efficient production. After printing, both processes require washing of the object to remove the resin adhering to the surface. To obtain the final material properties, further post-processing by additional light-curing is necessary, which leads to the final crosslinking of the polymers [7,8]. However, post-processing equipment, consumables, such as isopropanol for the cleaning step, and requirements for occupational safety increase the costs. The use of photosensitive resin as feedstock material also requires special precautions and trained personnel to ensure adequate printing results. Especially in the case of medical products, regulations must be strictly followed during the entire manufacturing process. Therefore, a cost-efficient process with a straight-forward workflow that offers facile handling of materials and little post-processing appears promising. Thereby regulatory compliance is alleviated and the barrier to entry for the user is lowered.



Fused filament fabrication (FFF), which is also known by its trademark fused deposition modeling (FDM), represents a simplistic and low-cost method of additive manufacturing (AM). Invented in 1989 [9], the FFF process has experienced strong growth since the original patents began to expire from 2009 onwards. Today, both industrial customers and private users are stimulating the market. New FFF printers are available for a low budget, and the choice of materials is steadily increasing.



In the FFF process, a thermoplastic filament is fed to a heated nozzle. This is where the material is melted, and as the nozzle moves layer by layer in the x and y directions along the geometry, the material is deposited [10]. Apart from possible support structures for steep projections, which have to be removed, no post-processing is required and the parts can be used immediately. The simplicity makes the process very attractive, as evidenced by its widespread use.



However, FFF suffers from limited mechanical properties in build direction due to incomplete fusion of deposited strands and higher surface roughness [11]. Until now, SLA/DLP has been mainly used in dentistry, due to its superior accuracy and mechanical properties compared to FFF. Nevertheless, non-load-bearing medical devices and assistive devices with reduced accuracy requirements present a huge potential for FFF in dentistry.




2. Applied FFF Materials in Dentistry


FFF has a huge variety of available feedstock materials. Standard materials are filaments made of semi-crystalline thermoplastics such as the most commonly used polylactic acid (PLA) and the second group of amorphous polymers like (1) acrylonitrile-butadiene-styrene copolymers (ABS), (2) polycarbonates (PC), (3) polyethylene terephthalate glycol (PETG), and (4) water-soluble materials for support structures like polyvinyl alcohol (PVA) [12].



For medical use, filaments are available that are certified for short-term contact with skin and body fluids, such as polyphenylsulfone (PPSU) [13]. Surgical guides for oral implant insertion and bone-like models are made of a biocompatible filament made from a compound of polyamide-polyolefin and cellulose (PAPC) [14]. In addition, the manufacturing of polyetherketons like PEEK [15] with FFF printers for use in craniomaxillofacial implants is being evaluated [16,17,18]. Other filaments are certified as medical device class 1, which are products for the temporary use in the body and a low degree of invasiveness, like PETG [19], Polycaprocalactone (PCL), and poly(lactic-co-glycolic acid) (PLGA) filaments [20].



Currently, the most common application of FFF in dentistry is the production of dental models based on intraoral scans (Figure 1). Although models made by FFF are considered to have lower precision and trueness compared to SLA and DLP systems, they meet the requirement for many dental sectors [21,22]. For example, orthodontic models require a lower accuracy than models made for the manufacturing of prosthetic restorations. Low material and equipment costs and nearly ready-to-use models without post-processing make FFF economically attractive. The model shown in Figure 1 was manufactured by using a lignin-based filament (Greentec Pro, Extrudr FD3D GmbH, Lauterach, Austria) with a material cost of approximately 1 €. The printing time was comparable to SLA systems, but with no need for post-processing procedures and reduced material costs up to 80%. Additionally, other materials such as gypsum-containing filaments [23,24] can be used to produce dental models, which can also be used for thermoforming of splints.



Another innovative application using FFF presents the manufacturing of customized impression trays [25,26] (Figure 2a). The utilized filament (Trayfill, Berhnardt Kunstoffverarbeitungs GmbH, Berlin, Germany) is a certified medical device class 1 and withstands autoclavation [27]. This tray was printed with material costs of about 1.70 € and was therefore highly cost-effective. In order to verify the fulfillment of the required accuracy, a comparison of the STL file and the printed part was performed. Therefore, the impression tray was digitized (Keyence VL 500, Keyence, Osaka Japan) and a best-fit analysis (Geomagic Control X, 3D Systems, Inc., Rock Hill, AC, USA) was conducted (Figure 2b.) The obtained results revealed negative deviations of approximately 0.9 mm in the areas of the tuber maxillae and positive deviations of 0.2 mm in the palatal area.




3. Novel Approaches of FFF in Dentistry


3.1. Thermoplastic Filament for Bite Registration


Using FFF in combination with a temperature-sensitive material, a novel approach for bite registration seems to be beneficial for both the patient and the dentist. In the conventional workflow, a bite registration is performed using base plates made of light-curing acrylic and attached wax walls. The wax bite blocks are adjusted on the patient according to functional and esthetic aspects in order to convey the relation of the jaws to the dental technician. Today, based on an intraoral scan, the base plates can be digitally designed and additively manufactured using FFF in a simple and cost-effective manner. The use of a temperature-sensitive filament (Thibra3D Skulpt, Formfutura, Nijmegen, The Netherlands) allows adjustments to be made to the printed material instead of wax bite blocks. For this purpose, the printed material is heated in a hot water bath, with an alcohol burner or a hot air gun. The printed filament has a low working temperature of 70 °C, which is ideal for modeling. It can be processed unlimitedly after 3D printing and also enables the further application of the thermoplastic material. The filament is not yet classified as a medical device but ongoing cytotoxicity tests reveal promising results. The presented feasibility test (Figure 3) aimed to demonstrate the use of a temperature-sensitive filament in the dental workflow. Compared to the conventional adjustment of wax, this material is pleasant to model and holds great promise for clean and fast work on the patient.



To further reduce treatment time on the patient, the jaw relation of existing prostheses can be implemented in the digital workflow. In the presented case (Figure 3), the intraoral implant scans (TRIOS 4, 3Shape, Copenhagen, Denmark) of the upper and lower jaw were the basis for the design of the registration plates. By utilizing the existing screw-retained antagonistic prosthesis, a buccal scan was taken to obtain a preliminary bite registration. An automated tooth set-up (Zirkonzahn, Gais, Italy) was integrated into the CAD of the base plates, which allowed the first visualization of a potential tooth set-up. In addition, a “Plane Cut” was inserted in the occlusal plane in the Meshmixer software (Autodesk, Mill Valley, CA, USA) so that the upper and lower jaw had a flat contact surface as known from the conventional procedure (Figure 3a,b). The final designed base plates were subsequently 3D printed with the Prusa i3 (Prusa, Prague, Czech Republic) at a printing temperature of 205 °C using the previously described temperature-sensitive filament (1.75 mm). Only minimal post-processing was needed to obtain the final bite plates.



On the patient, the bite planes were inspected and slightly adjusted after heating in a water bath (Figure 3c,d). Finally, the bite plates were attached to each other by heating the occlusal surface with a hot instrument, after which the guides were removed from the mouth as a pair.




3.2. Dual Material Customized Impression Trays


Another use case for FFF in dentistry is the additive manufacturing of customized impression trays. While digital impressions present sufficient accuracy for fixed dental prostheses [28,29], the acquisition of moving areas e.g., the alveolar mucosa in the vestibule, is still associated with limitations. These areas are especially important for the retention of prostheses for edentulous patients. In a conventional workflow, impression taking is split into two steps. Before using the main impression material e.g., a thermoplastic compound material is manually applied to the rim of an individualized impression tray and intraorally adjusted by both the patient and the dentist to seal the moving soft tissue. This enables precise capture of these areas during the final impression taking. The aim of our novel approach was to incorporate a temperature sensitive rim into the tray design of the printed individual impression tray.



Based on an intraoral scan, an individual impression tray (Figure 4) was designed using CAD software (inLab, Dentsply Sirona, Charlotte, NC, USA). This was achieved by setting an insertion direction, blocking out undercuts, defining the length of the tray rim, and digitally positioning the tray handle.



Subsequently, using additional software (Tinkercad, Autodesk, San Rafael, CA, USA), the resulting STL was split into two parts. Hereby, the cut was drawn along the occlusal plane, separating around 1.5 cm of the part touching the vestibulum from the central tray-body. Using a multi-material printer equipped with an independent dual extrusion (IDEX) system (Sigmax R19, BCN3D, Barcelona, Spain) allowed for combining two materials with different properties into one print. This creates the possibility of using a rigid material for the tray body, whereas the part which comes in contact with the mobile mucosa was printed using a temperature-sensitive material (Figure 5).



Compared to the conventional approach, our dual material design with an integrated functional margin allows for a clean and fast workflow, a reduced treatment time, and, thus, increased patient comfort. However, until there are software enhancements that fully automatize the dual-material custom design process, this production workflow must be considered time-consuming and therefore may not yet be cost-effective.




3.3. Surgical Guides


The manufacturing of surgical guides with FFF can offer a simple and cost-effective workflow. Inexpensive, biodegradable, and steam-sterilizable filaments [30] are an interesting choice of materials. In a former evaluation of the manufacturing procedure of surgical guides, difficulties regarding precision and the fitting of FFF printed surgical guides on a cast model were observed [31]. In contrast, other studies showed no difference when compared with surgical guides produced by means of DLP [32]. Besides accuracy, other factors resulted in a deviation between the planned and realized implant positions of >1 mm [33,34].



A workflow has been established in which surgical guides are planned digitally and manufactured using FFF. Two different design softwares were used (CoDiagnostix, Dental Wings GmbH, Chemnitz, Germany; ImplantStudio, 3Shape, Copenhagen, Denmark). In both cases, the exported STL file was transferred to the slicer software (PrusaSlicer, Prusa, Prague, Czech Republic) and printed without further modification (Figure 6a). A Prusa mini+ printer (Prusa, Prague, Czech Republic) with a biodegradable filament (Greentec Pro, Extrudr FD3D GmbH, Lauterach, Austria) was used for additive manufacturing. Although medical approval for this filament has yet to be obtained, pending cytotoxicity tests show promising initial results. The detailed view of the guiding structure of the coDiagnostic surgical guide (Figure 6b) reveals a smooth and precise surface, nevertheless, the individual layers of the FFF manufacturing process are visible.



The accuracy of surgical guides manufactured with FFF is a discussed topic since FFF is considered less precise than SLA/DLP. The in vitro accuracy of placed implants in relation to their virtual position with guides printed with FFF has already been investigated. Implants inserted using FFF printed guides showed equivalent deviations to those inserted using SLA guides and were within clinical tolerances of <1 mm [30]. It was shown that printed drill sleeves integrated into the surgical guide do not cause more deviation in the implant position, compared to traditional metal sleeves. This can be a major advantage in clinical applications, especially considering the potentially good biocompatibility of the biodegradable filaments.



Great potential lies in the simplicity of handling and accessibility of the manufacturing process. The easy operability of the CAM software allows even first-time users to achieve useable objects. The surgical guides and the support structure are removable without tools. Without further post-processing, the guides can be steam-sterilized and directly used. Furthermore, this production route offers cost-effective manufacturing of surgical guides using FFF with printers available at competitive prices, software available free of charge, and a material cost of 50 cents per surgical guide. If a sleeveless design is adopted, further cost savings can be achieved. Further research on the design and optimization of surgical guides, as well as studies on the clinical application, are required. The influence of metal debris of the sleeves compromising the implant bed in conventional surgical guides compared to filament residues in sleeveless applications needs to be investigated.





4. Conclusions and Future Perspectives


Non-load bearing applications are a potential field of use for FFF in dentistry. Models, trays, and prototypes for denture try-ins can be manufactured with FFF. Materials which are certified are commercially accessible or under investigation. Multi-material printers are available which allow the easy testing of innovative concepts for the use of FFF in dentistry. The inexpensive initial cost of the printer and the price of materials allow FFF to be competitive. The possibility of open printers that allow the use of third-party materials seems to be a huge benefit. In most cases, the productivity of FFF printers is inferior compared to DLP systems. However, high productivity and high quantity do not always consider the needs of smaller medical clinics where printer capacity cannot always be fully utilized.
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Figure 1. (a) Dental model of the upper jaw manufactured by fused filament fabrication (FFF), (b) Detailed view of highly accurate tooth structures. 
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Figure 2. (a) Customized impression tray fabricated by means of FFF (Filament: Trayfill), (b) Heatmap indicating the deviation between STL file and tray. 
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Figure 3. (a) STL model of the upper jaw with a flat contact surface, (b) STL model of the lower jaw with a flat contact surface, (c) bite plates manufactured by FFF (d) fitting of the bite plates. 
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Figure 4. Design of a dual-material customized impression tray. (a) intraoral scan with undercuts shown in red, (b) finished one-piece custom tray design, (c) thermoplastic compound material (brown), and rigid (cyan) parts separated into two STL files. 
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Figure 5. Dual material customized impression tray. The rigid body was manufactured with a polyethylene terephthalate glycol (PETG) filament (Trayfill), the rim was printed with a thermoplastic filament. 
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Figure 6. (a) Two FFF printed implant templates planed with coDiagnostix (l.) and ImplantStudio (r.). In both cases, the exported STL file was transferred to the slicer software and printed without further modification. (b) Close-up of the coDiagnostix surgical guide showing the guiding structure. The individual layers of the filament print become visible. 
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