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Abstract
Background
Bioresorbable patient-specific additive-manufactured bone grafts, meshes, and plates are emerging as a promising alternative that can overcome the challenges associated with conventional off-the-shelf implants. The fabrication of patient-specific implants (PSIs) directly at the point-of-care (POC), such as hospitals, clinics, and surgical centers, allows for more flexible, faster, and more efficient processes, reducing the need for outsourcing to external manufacturers. We want to emphasize the potential advantages of producing bioresorbable polymer implants for cranio-maxillofacial surgery at the POC by highlighting its surgical applications, benefits, and limitations.

Methods
This study describes the workflow of designing and fabricating degradable polymeric PSIs using three-dimensional (3D) printing technology. The cortical bone was segmented from the patient’s computed tomography data using Materialise Mimics software, and the PSIs were designed created using Geomagic Freeform and nTopology software. The implants were finally printed via Arburg Plastic Freeforming (APF) of medical-grade poly (L-lactide-co-D, L-lactide) with 30% β-tricalcium phosphate and evaluated for fit.

Results
3D printed implants using APF technology showed surfaces with highly uniform and well-connected droplets with minimal gap formation between the printed paths. For the plates and meshes, a wall thickness down to 0.8 mm could be achieved. In this study, we successfully printed plates for osteosynthesis, implants for orbital floor fractures, meshes for alveolar bone regeneration, and bone scaffolds with interconnected channels.

Conclusions
This study shows the feasibility of using 3D printing to create degradable polymeric PSIs seamlessly integrated into virtual surgical planning workflows. Implementing POC 3D printing of biodegradable PSI can potentially improve therapeutic outcomes, but regulatory compliance must be addressed.
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Background

                        Technological advancements and the desire for precision, flexibility, and targeted patient care have recently led to a significant leap in digitalization in patient-specific implants (PSIs) for oral and maxillofacial surgery [1]. PSIs are a popular alternative to conventional off-the-shelf implants and deliver improved clinical results, especially for patients with complex pathologies where standard treatment is not an option [2]. Moreover, PSIs for osteosynthesis have been shown to provide better stability and shorter operating time than standard implants [3]. A drawback of using standard resorbable plates is that the molding process for craniofacial reconstruction has been shown to reduce the strength and stiffness through accelerated hydrolysis after extended submersion in the heated bath [4]. Bone defects caused by trauma, infection, or tumor resection are usually treated with autologous bone transfer, currently considered the gold standard [5]. The drawbacks of such autografts include limited graft size, associated donor site morbidity, challenging accurate graft adaption [6], and the prolonged surgery time associated with postoperative complications [7, 8]. Recently, patient-specific bone tissue engineering and osteosynthesis methods have been further developed as promising alternatives to address the limitations of conventional approaches [6, 9, 10]. Combining preoperative planning with computer-aided design and PSIs can improve reconstructive accuracy [11] and save time during surgery [10, 12]. Furthermore, with three-dimensional (3D) printing of bioresorbable PSIs, the cumbersome and error-prone process of bending plates [13] and pre-shaping bone grafts [14] can be avoided. Several biomaterial options are available for the fabrication of biodegradable PSIs, the most popular being metals like magnesium [15], bioceramics such as tricalcium phosphate (TCP) [15], polymers like polylactic acid (PLA) [16], and various composites [17].

                        Metal biomaterials such as titanium are known to be highly durable and biocompatible and are widely used to fixate bone and support its regeneration. Nonetheless, additional removal surgery is required if the titanium implant is not intended for permanent placement. Additive manufacturing of biodegradable metals such as magnesium, iron, and zinc has shown promising results [18]. However, studies have indicated that enhancing the degradation properties and biological effects of resorbable metals in clinical applications often requires modifications such as alloying [14, 19–24].
Biodegradable bioceramics like β-TCP are another option. The ceramic biomaterials used in medicine are a homogenous group of usually biocompatible, non-toxic, hard, and brittle materials with high-temperature stability [25], such as alumina and zirconia. They are suitable for orthopedic implants and dental restorations due to their high strength and inertness [26]. Calcium phosphate bioceramics, such as hydroxyapatite and α-/β-TCP, along with bioactive glasses, are biodegradable [27]. However, in contrast to the bone, they exhibit high elastic moduli and usually high compressive but low tensile strength and are, therefore, not suitable for load-bearing applications [28].

                        The use of biodegradable polymers offers several advantages over traditional, non-biodegradable materials. Additional healthcare costs and complications can be avoided by eliminating the need for a second surgery for implant removal or surgical revisions due to implant-associated complications [29, 30]. This is particularly useful in applications such as suture material, scaffolds for tissue engineering, and osteosynthesis plates where the material is only needed for a limited healing time [31]. Synthetic polymers are a reliable source of innovative materials because of their ability to be adapted to a wide range of degradation rates, structural properties, and mechanical characteristics [32]. For example, the degradation kinetics of PLA, a commonly clinically used biodegradable polymer, can be tailored by adapting the molecular composition using L- or D-chirality. Diffusion of water within the polymer chains causes both surface and bulk degradation by a process called hydrolysis. This results in the formation of lactic acid or a combination of carbon dioxide and water. These degradation products can be metabolized within cells or expelled from the body through urine and breathing [33].
Due to their unique combination of mechanical, physical, and biological properties, composite materials have also become increasingly popular in medical applications. They are typically made of two or more specific materials combined to form a compound that exhibits superior properties supporting the regeneration [25]. In recent years, researchers have focused on developing composites that can be used for orthopedic, cranio-maxillofacial, and dental applications, particularly on biocompatible and biodegradable materials that can promote tissue regeneration [31]. Among the various types of composite materials studied for medical applications, PLA ceramic composites have shown promising results in promoting bone growth and regeneration [34, 35]. In an in-vivo critical bone defect rat study, PLA/β-TCP composites showed a superior ability to promote osteogenesis, particularly in the early stages of bone healing, as demonstrated by immunohistochemical analysis [36].
The design of individualized implants has become more user-friendly and efficient through the advancements of 3D imaging and visualization of computer-assisted design user interfaces. Consequently, since 3D printers are becoming increasingly precise, affordable, and easy to use, point-of-care (POC) 3D printing is a rapidly growing field in the medical industry. Producing patient-specific medical models at the POC, such as hospitals, clinics, and surgical centers, allows for a more flexible, faster, and more efficient process, reducing the need for outsourcing to external manufacturers [37]. 3D printing-based technologies additionally provide the capability to produce implants at the POC, a domain that is experiencing increasing attention [38–40]. Having expertise in designing 3D-printed implants in-house frees hospitals from the restrictions imposed by commercial availability [41] and can be advantageous or even necessary when there are time or delivery constraints. POC manufacturing facilitates face-to-face meetings among all stakeholders involved in the device’s planning and production, as well as generating prototypes in-house, and can accelerate the patient-specific implant (PSI) development process and offer innovative personalized treatment options [39, 42].
The creation of patient-specific resorbable 3D printed implants at the POC poses numerous challenges, such as designing, manufacturability, quality control, and regulatory compliance. Arburg Plastic Freeforming (APF) is a novel material jetting method developed by Arburg GmbH + Co KG (Lossburg, Germany), which can fabricate biodegradable polymeric implants. The APF method enables the use of medical-grade thermoplastic polymers and composites in the form of granules, typically used for injection molding. The advantage of APF for use at the POC is that the commercially available medical-grade material can be directly used for 3D printing. No additional thermoforming is required to create filament, minimizing further processing steps that could affect the part’s material properties. The open platform APF system facilitates the use of a wide range of materials such as PLA, polyether ether ketone (PEEK), poly vinyl alcohol (PVA), poly methyl methacrylate (PMMA) and composites. However, it requires the investigation of the effect of process parameters to optimize mechanical properties and print accuracy. This concept has been investigated for the processing of medical grade polymethyl methacrylate [43, 44] and PLA/hydroxyapatite scaffolds [45]. APF with bioresorbable PLA/β-TCP composites for additive manufacturing of PSI have not yet been investigated.
We present technical considerations and preliminary results on the 3D printing of implants using the APF technology for cranio-maxillofacial reconstruction. By exploring the scope of surgical applications, advantages, and limitations, we wish to highlight the potential benefits of producing bioresorbable polymer implants for cranio-maxillofacial surgery at the POC and to encourage further research and development in this field.

Methods
3D model preparation
The general workflow of PSI design and fabrication is depicted in Fig. 1. All 3D bone models were created using clinical computed tomography (CT) via Digital Imaging and Communications in Medicine (DICOM) raw data (Fig. 1 (1)). The cortical bone of the anonymized datasets was segmented using the Materialise Mimics software (Version 24.0, Materialise NV, Leuven, Belgium) by applying a threshold to create a mask of Hounsfield Unit (HU) gray values, which corresponded to cortical bone (Fig. 1 (2)). Non-relevant anatomical entities were excluded from the mask, and in the presence of metallic artifacts, minor modifications were conducted, such as smoothing and filling of the defects. After segmentation, the bone surface geometry was exported as a Standard Tessellation Language (STL) file. The PSI (Fig. 1 (3)) and the support structures were designed in Geomagic Freeform (Version 2021, 3D Systems, Rock Hill, South Carolina, United States).
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Fig. 1As an example, workflow of patient-specific design and fabrication with the mesh for mandibular alveolar bone regeneration. The process begins with the (1) retrieval of patient computed tomography (CT) imaging data and the (2) segmentation of relevant anatomical structures. Based on the segmented data, the (3) patient-specific implant (PSI) is designed. (4) The PSI is then three-dimensional (3D) printed from medical-grade raw material pellets. (5) The water-soluble support structures are removed in an ultrasonic bath. (6) Subsequently, the implant is packaged and then sterilized


The STL files of the implant designs and the support structures were imported to the Arburg Slicer software (Arburg GmbH + Co KG, Lossburg, Germany), where the two-dimensional (2D)-stacked slices of the implant and support geometries were prepared as an Arburg Freeformer Job (AFJ) file with the layer information.

Arburg plastic freeforming
All samples were 3D printed with the Arburg freeformer 200-3X (Arburg GmbH + Co KG, Lossburg, Germany, Fig. 1 (4)). As can be seen in Fig. 2, the APF process involves melting granulated polymers in different heating zones, applying them through a nozzle drop by drop, and building the desired part by lowering the stage along the z-axis after each layer deposition. The droplet diameter was ca. 200 μm (volume of approx. 4 × 106 µm3). The entire process was conducted with a build chamber temperature of 85 ± 5 °C. The performance and technical specifications of the Arburg freeformer are listed in Table 1.
Table 1Technical specifications of the Arburg freeformer 200-3x [47]


	Parameter
	Technical specifications

	Usable build chamber space, 1-component (w, d, h)
	max. 189 × 134 × 230 mm3

	Usable build chamber space, 2-component (w, d, h)
	max. 154 × 134 × 230 mm3

	Layer thickness
	0.2 mm

	Wall thickness
	0.6 mm

	Absolute part precision (x and y)
	± 0.1 mm

	Discharge units
	2

	Nozzle diameter
	0.2 mm

	Discharge rate
	2–14 max. cm³/h

	Material pressure
	1–800 bar

	Material processing temperature
	max. 350 °C

	Build chamber temperature
	max. 120 °C

	Slicing software compatibility
	Arburg freeformer software with integrated data processing of 3D geometries in STL format




[image: ]
Fig. 2Schematic setup of the Arburg freeformer 200-3x, adapted from arburg.com, depicting the manufacturing process of a plate for fracture stabilization. The nozzle of discharge unit 1 deposits the implant material and the second nozzle of discharge unit 2 is used for the deposition of the water-soluble support material


For the fabrication of the bioresorbable PSI, RESOMER® LR 706 S β-TCP (Evonik Industries AG, Essen, Germany) granules were used. This biodegradable material is a composite containing 70:30 poly (L-lactide-co-D, L-lactide) with an additive of 30% β-tricalcium phosphate (PLDLLA/β-TCP). It offers a degradation time of under two years and is radiolucent [46]. Armat11 (Arburg GmbH + Co KG), a water-soluble polymer, was used for the support structures.
After the printing job, the stage is cooled to room temperature, and the PSI is detached. The 3D-printed support structures were removed by placing the 3D-printed parts in an ultrasonic bath filled with tap water for up to one hour (Fig. 1 (5)). The PSIs were then dried at room temperature, and if the implant required screws for fixation, the screw holes were manually drilled to ensure proper fit.

Fabrication assessment
The layer pattern of the 3D-printed bioresorbable plate (length 26 mm, thickness 1.4 mm) was analyzed using (SEM) (TM3030Plus, Hitachi, Tokyo, Japan). The fit of the PSIs was visually assessed on a 3D printed PLA model of the patient’s bone (Replicator+, MakerBot, Brooklyn, USA) by manually checking its perfect placement (see Figs. 4b, 5a, 6a and 7c).


Results
The SEM of the 3D-printed plate surface showed an extremely dense material with highly uniform and well-connected droplets with minimal gap formation between the printed paths (Fig. 3). Complex and curved structures were fabricated successfully within 5–60 min, and the water-soluble support material was dissolved entirely in an ultrasonic bath within one hour. In this preliminary investigation using the technology, the following parts were successfully 3D printed:
[image: ]
Fig. 3Scanning electron micrography (SEM) image of the surface structure of a three-dimensional (3D) printed patient-specific implant (PSI) showing a dense pattern of individual deposited droplets


	
                        I.
Plates for osteosynthesis (Fig. 4a and b).

 

	II.
Implants for orbital floor fractures (Fig. 5a and b).

 

	III.
Meshes for alveolar bone regeneration (Fig. 6a-c).

 

	IV.
Bone scaffolds with interconnected channels (Fig. 7a-c).

 




[image: ]
Fig. 4(a) Three-dimensional (3D)-printed bioresorbable plate (length 26 mm, thickness 1.4 mm) for osteosynthesis with commercially available bioresorbable standard screws (Osteotrans-MX, Teijin Medical Technologies, Osaka, Japan). (b) Patient-specific osteosynthesis plates for the fixation of advanced fronto-orbital bone segments


[image: ]
Fig. 5Low-profile (thickness 0.8 mm) patient-specific implant (PSI) for orbital bone fracture regeneration. (a) PSI mounted on the three-dimensional (3D) printed patient skull. (b) Close-up view of orbital mesh


[image: ]
Fig. 6Three-dimensional (3D)-printed mesh (thickness 1.0 mm) for guided bone regeneration of the alveolar process. (a) Visual assessment of the implant fit on 3D-printed model. (b) Magnified view of the open-porous alveolar mesh. (c) Mesh with support structure before post-processing


[image: ]
Fig. 7Bioresorbable composite scaffolds with a wall thickness of 1.0 mm and a channel width of approx. 0.5 mm (left) and 0.7 mm (right), additively manufactured using the Arburg Plastic Freeforming (APF) technology. (a) Isometric view of 10 × 10 × 10 mm3 scaffold with approx. 60% (left) and 70% (right) porosity. (b) Frontal view of scaffolds before (left) and after (right) removing the water-soluble support material. (c) Patient-specific implant (PSI) bone graft for alveolar bone defect, mounted on a three-dimensional (3D)-printed mandible


For the plates and meshes, a wall thickness down to 0.8 mm could be reached with good print quality. The fabrication of undersized screw holes and manual drilling of screw holes facilitated a perfect fit between the implant and the screws. The fit test on the adjacent bone models yielded minimal gap formation and no unwanted friction between the parts. These results indicate that it is possible to achieve geometrically accurate PSIs using APF technology.

Discussion
3D printing has revolutionized how we approach medical treatments and has brought a new era of personalized medicine [48, 49]. The use of bioresorbable polymers and composites in 3D printing has further expanded the scope of application of this technology, with the overall goal to manufacture implants that reliably guide bone growth, provide suitable mechanical stability, and safely degrade within the body over time. Biodegradable fixation plates for maxillofacial trauma have demonstrated similar efficacy to titanium plates but with lower symptomatic removal rates, making them a viable alternative [29]. The biodegradable material should provide sufficient biomechanical stability while promoting bone growth and regeneration until the bone defect is healed. In this article, we present PSI designs for fronto-orbital bone advancement, meshes to treat alveolar defects of the mandibular bone, plates for orbital fractures, and scaffolds with interconnected micro-architectures.

                        Through tailor-made implant solutions created by a digital planning process, the bone-implant interface is improved through an optimal anatomical fit and suitable primary stability, which is especially relevant for treating cranio-maxillofacial deformities [50]. For example, patients with large orbital defects requiring surgical treatment with a titanium mesh stock implant are at risk of implant malpositioning [51]. Preformed titanium plates can give good outcomes in single-wall fractures but may not be sufficient to cover the defect in more extensive fractures involving multiple walls. In these cases, primary treatment with a PSI should be considered to reduce the risk of long-term sequelae due to inadequate reconstruction [52]. For orbital floor repair, a study by Goodson et al. [53] found that 83% of the participants perceived improvements in surgical duration, 84% in precision, and 69% in ease of placement when using 3D-printed titanium implants. Alloplastic materials such as titanium are persistent in foreign bodies and can induce infection, growth distortions in pediatric applications, persistent diplopia, and plate migration [54, 55]. Therefore, the use of bioresorbable implants for orbital reconstruction is gaining increased popularity. Clinical research has shown that conventional bioresorbable PLA implants are considered safe and effective for treating orbital fractures [56–58]. However, bioresorbable patient-specific orbital implants have not yet been thoroughly researched.
3D printing
The APF process was straightforward and could be easily linked to the standard virtual surgical planning procedure. APF ensured the fabrication of geometrically accurate parts with a layer height of 0.2 mm. The second nozzle facilitates using a water-soluble support material like PVA, which could be rapidly dissolved in water. The support structures enable the reproducible generation of concave overhangs and highly complex 3D structures, such as lattice structures for bone grafts or patient-specific plates for osteosynthesis to fit the bone surface optimally. Using APF offers the advantage of bypassing the requirement for pre-producing filaments from material powder or pellets, thereby reducing the thermal influence on material stability and degradation by changing molecular mass, chain length, or crystallinity. Moreover, APF technology allows for more precise control of drop deposition compared to fused filament fabrication using an extrusion screw [45].
However, the implementation of APF to produce bioresorbable PSIs comes with certain limitations. The open system of APF technology allows the adaptation of numerous process parameters, which is an advantage for the manufacturability of a large variety of thermoplastic materials. However, if a new material is used, the optimal parameter set for each material must first be systematically determined [59]. To improve the mechanical performance of the 3D printed part, the bond between the droplets must be strengthened, for example, through temperature adaptation or overfilling, which could cause geometric inaccuracies. Therefore, a compromise between internal density and surface quality must be made [44]. It was recognized that thermal effects influence the part geometry during the 3D printing process. In the standby mode of the Arburg freeformer, the material was stored in a molten state at temperatures of approx. 100 °C within the material transport unit. Therefore, before each print job, the thermally pretreated material was flushed for several minutes and discarded before the 3D printing process. Flushing was performed after idle phases of two hours or more, resulting in several grams of material expenditure. To achieve the best possible surface quality and mechanical strength next to the initial 3D print parameter optimization, re-scaling is often necessary to compensate for shrinkage when parts of different geometries are produced.

Point-of-care manufacturing
Currently, commercial implants are mass-produced with only a limited available range of sizes and shapes. The hospital chooses the type of implants and orders the respective amount. After the implants arrive at the hospital, they are stored at a central warehouse or directly near the operating theatres. This process is not sustainable due to the high amount of unused products and the low demand for specific sizes [24]. Additionally, today, only a few manufacturing sites that produce PSIs are located near hospitals [40]. For the POC manufacturing of PSIs, specialized equipment, software, and trained personnel are needed, which can be expensive and are usually not readily available in healthcare facilities. Therefore, most processes are outsourced to external suppliers [40]. The production of PSIs at the POC would alleviate the local inventory burden and reduce dependence on global supply chain networks [60]. For simple reconstructions for patient-specific orbital fractures investigated by Korn et al. [61] the in-house training of engineers for PSI design has been shown to simplify the communication process with the surgeons and, therefore, improve the planning workflow and effectiveness, leading to faster and more efficient PSI production. The mean duration of PSI manufacturing was reduced from approx. 14 days (engineer with no in-house training) to approx. ten days (with in-house training). Consequently, the synergetic effect of the engineer’s involvement in the preoperative planning, clinical environment, close contact with medical staff, and the possibility of visiting the operating room to investigate the surgical process and implantation could increase their knowledge of the process, leading to more effective PSI designs.
However, unlike the manufacturing of anatomical models, the in-house manufacturing of implants remains challenging since many hospitals lack financial resources and regulatory guidance to implement the designing and manufacturing processes [40]. Studies have shown that in-house printing of anatomical models and surgical guides shortens the duration between surgical planning and surgery by avoiding the time-consuming intraoperative plate adaptation [62], transportation, and queue time of external suppliers [63]. In the literature review of Murtezani et al. [64] 96.89% of the studies involving 3D printing in cranio-maxillofacial surgery reported a satisfying or even better outcome using 3D printing. Considering the reduced surgery time, the hospitals seemed to save expenses compared to conventional approaches. Seeing the sinking prices of 3D printing technology and the increasing availability of affordable surgical planning tools, we estimate that the financial burden will soon be relatively low compared to the benefit of implementing POC 3D printing in hospitals to produce anatomical models, surgical guides, and even individualized implants.
Additional investigation is required to comprehensively evaluate the fit accuracy, structural integrity and biomechanical properties of the PSIs. Furthermore, future plans should include an assessment of in vitro and in vivo degradation as well as resorption behavior of the material. Nonetheless, literature suggests that the PLDLLA/β-TCP composite is suitable for bone tissue engineering applications. For example, the PLDLLA/β-TCP (90% and 10%wt) composite 3D printed scaffold by Lam et al. [35] has shown good in vitro biocompatibility and compressive strength of 3 MPa, similar to cancellous bone. Another study that has used 3D printed β-TCP scaffolds with PLDLLA infiltration has also demonstrated good biocompatibility with a cell survival rate of approximately 80% and compressive stress of 7.4 MPa [34].

Outlook
With advancements in biomaterials research and digitalization, 3D printing can increasingly mimic the structure and function of natural bone, further enabling more personalized and effective bone regeneration. POC manufacturing could allow for higher flexibility and efficiency in complex bone reconstructions where standard treatments would fail. Nevertheless, when 3D printing PSIs at the POC, meeting national regulatory requirements, such as given by the Medical Device Regulation (MDR) [65] or the Food and Drug Administration (FDA) [66, 67], is crucial. Furthermore, in silico validation methods such as finite element analysis can be used to preoperatively assess the PSI’s effectiveness by incorporating the knowledge of mechanical properties, implant resorption, and bone growth mechanisms [68–70]. With optimization methods, the implant design could be further personalized to improve the surgical outcome [71].
We expect that design and manufacturing processes will continue to be streamlined through advances in artificial intelligence and process automation, enabling an increasing number of clinics to gain access to 3D printing means for bioresorbable PSIs [62].


Conclusions
As 3D printing technology continues to advance and gain use in hospitals, the appeal of in-house production of PSIs is growing. In this study, we demonstrate the feasibility of creating PSIs with a good fit. The production process can be seamlessly linked to the established virtual surgical planning workflow. Despite being in its early stages, the integration of biodegradable 3D printing in PSI creation shows strong potential for improving the therapeutic outcome. Further innovation in this field is expected as 3D printing technologies and virtual surgical planning software are being further developed. It is crucial to consider regulatory requirements during the research and development phase to ensure compliance. However, since many hospitals currently lack the regulatory guidance to implement these processes, addressing challenges related to regulatory compliance and standardization becomes imperative. With this article, we hope to inspire continued exploration and collaboration among researchers, clinicians, and regulatory bodies to pave the way for the responsible and effective integration of biodegradable 3D printing in hospitals.

Acknowledgements
The authors thank Dominik Mory, Adam Jakimiuk, Isabella Ortiz Drada and Nora Desan, for their valuable contributions. We also acknowledge the helpful technical support which was provided by Benjamin Bartels and his colleagues from Arburg GmbH + Co KG and Dr. Cécile Boudot from Evonik Industries AG.

Author contributions
Conceptualization: M.M., C.T. and N.S.; Data curation: M.M. and C.T.; Formal analysis: M.M. and C.T.; Funding acquisition: Ph.C.C. and F.M.T.; Investigation: M.M., C.T. and M.B.; Methodology: M.M. and C.T.; Resources: F.M.T.; Supervision: M.d.W., Ph.C.C., D.S., P.H., N.S. and F.M.T.; Writing– original draft: M.M. and C.T.; Writing - review & editing: M.d.W., Ph.C.C., M.B., D.S., P.H., N.S. and F.M.T.; All authors read and approved the final manuscript.

Funding
Open access funding provided by University of Basel. This work was funded by the Innovation Focus Regenerative Surgery of the University Hospital Basel and by the Werner Siemens Foundation through the Minimally Invasive Robot-Assisted Computer-guided LaserosteotomE II (MIRACLEII) project.

Data availability
The datasets used in the study are available from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
The investigation was conducted in accordance with the Swiss Federal Act on Data Protection and all relevant laws and regulations governing medical research. Informed patient consent was given before data collection. The study did not require ethical approval according to the Swiss Association of Research Ethics Committees because of its non-clinical and exploratory nature. The segmentation was solely performed on anonymized data and had no translational impact on clinical practice [72].

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.


Abbreviations
	2D
	Two-Dimensional

	3D
	Three-Dimensional

	APF
	Arburg Plastic Freeforming

	AFJ
	Arburg Freeformer Job

	CT
	Computed Tomography

	DICOM
	Digital Imaging and Communications in Medicine

	FDA
	Food and Drug Administration

	HU
	Hounsfield Unit

	MDR
	Medical Device Regulation

	PEEK
	Polyether Ether Ketone

	PLA
	Polylactic Acid

	PLDLLA
	Poly (L-lactide-co-D, L-lactide)

	PMMA
	Poly Methyl Methacrylate

	PVA
	Poly Vinyl Alcohol

	POC
	Point-Of-Care

	PSI
	Patient-Specific Implant

	PSIs
	Patient-Specific Implants

	SEM
	Scanning Electron Micrography

	STL
	Standard Tessellation Language

	TCP
	Tricalcium Phosphate
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