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Abstract

:

This paper presents the process of digital data flow in RE/CAD/RP/CAI systems to develop models for planning surgical procedures in the craniofacial area. At the first RE modeling stage, digital data processing, segmentation, and the reconstruction of the geometry of the anatomical structures were performed. During the CAD modeling stage, three different concepts were utilized. The first concept was used to create a tool that could mold the geometry of the cranial vault. The second concept was created to prepare a prototype implant that would complement the anterior part of the mandibular geometry. And finally, the third concept was used to design a customized prototype surgical plate that would match the mandibular geometry accurately. Physical models were made using a rapid prototyping technique. A Bambu Lab X1 3D printer was used for this purpose. The process of geometric accuracy evaluation was carried out on manufactured prototypes of surgical plates made of ABS+, CPE, PLA+, and PETG material. In the geometric accuracy evaluation process, the smallest deviation values were obtained for the ABS plus material, within a tolerance of ±0.1 mm, and the largest were obtained for CPE (±0.2 mm) and PLA plus (±0.18 mm). In terms of the surface roughness evaluation, the highest value of the Sa parameter was obtained for the PLA plus material, which was 4.15 µm, and the lowest was obtained for the CPE material, equal to 3.62 µm. The knowledge of the flow of digital data and the identification of factors determining the accuracy of mapping the geometry of anatomical structures allowed for the development of a procedure that improves the modeling and manufacturing of anatomical structures within the craniofacial region.
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1. Introduction


Currently, the traditional way to design machine parts is to use computer-aided design (CAD) systems [1]. A problem in the design and manufacturing process arises when we have a physical part but do not have technical documentation for it (e.g., digital data describing the model’s geometry). The only way to solve this problem is through the reverse engineering (RE) process [2,3,4]. This process consists of digitizing the data, reconstructing the geometry, CAD modeling, and possibly manufacturing the physical model again, using, among other things, rapid prototyping (RP) techniques. Currently, the reverse engineering process is used in many fields, including aerospace [5], automotives [6], and architecture [7]. One of the directions of RE development is also a combination of medical imaging techniques and typical engineering modeling. This approach has resulted in 3D models of anatomical structures [8], surgical templates [9], and implants [10], which are used in many medical fields, including cardiology [11], orthopedics [12], facial surgery [13,14], and dentistry [15].



Modeling bony structures is increasingly becoming the foundation for planning complex procedures in the craniofacial area [13,16]. Based on medical knowledge, it is possible to specify the facial regions of the skull that are subject to the most frequent damage [13]. These include the nasal bone, cranial vault, mandible, orbit, and zygomatic bone [13,17]. Various factors can cause the occurrence of these injuries. The most common include accidents, genetic defects, or cancer. In this case, the efficient transfer of digital data is necessary to finally obtain a tool, such as a surgical template, that allows for the accurate performance of surgery within the facial area [8,9]. In modeling anatomical structures of the craniofacial region, the first step is related to acquiring volumetric data using, e.g., tomographic medical systems [9,14]. The collected data are then converted to a digital 3D model in RE systems and further edited in CAD systems. The physical model can be obtained using computerized manufacturing techniques.



A key aspect of modeling anatomical structures is to ensure the adequate numerical accuracy of the structure, as errors in the digital model are reproduced later in the manufacturing process, which, in the case of implants, finally determines how well the defect matches the patient’s actual anatomical structure [18,19]. The most significant influence on the accuracy of the model is the acquisition stage of the tomographic data [20,21]. The critical parameters in this case are the spatial and contrast resolution of the Digital Imaging and Communications in Medicine (DICOM) data. Further enhancement of DICOM data quality is achieved through digital filtering involving contrast enhancement, edge sharpening, and noise removal [22]. Often, a data interpolation process is also performed, which improves the spatial resolution of DICOM data [14,23]. For the RE modeling process, an essential factor affecting accuracy is the process of segmentation and geometry reconstruction [24,25]. CAD systems also play a crucial role in medical modeling processes, in which, on the one hand, surgical instruments and implants are designed, and, on the other, digital data are finalized for manufacturing [26,27]. This purpose must remove programming errors in the digital files. In the case of a model saved to the Standard Triangulation Language (STL) format, the most common errors include the incorrect orientation of triangles, duplicate edges and vertices, and duplicate triangles [22,25]. For a model saved to the STandard for the Exchange of Product model data (STEP) format, it is crucial to achieve geometric continuity between adjacent parameterized surface patches [28,29,30]. Correctly generating a digital model in the STL or STEP format allows for the production of the final model. Due to the geometric complexity of models of anatomical structures, RP methods are often used. These methods involve creating a model by applying successive layers of material. Computer-aided inspection (CAI) is usually performed to verify the manufacturing process. For this purpose, manual tools [31], contact [32,33], and optical coordinate measuring systems [8,14,34] are used. Digital data obtained through measurement often allow for dimensional and geometric inspection [14,35] and surface roughness [36,37].



Based on the analysis of the state of the issue, it is reasonable to carry out research, on the one hand, to improve the flow of digital data in RE/CAD/RP/CAI systems and, on the other hand, to identify the factors determining the accuracy of the geometry of the anatomical structure, surgical template, and implant. It is particularly important to carry out studies in the craniofacial region, which includes bone tissues with very complex geometries. Adequate knowledge and skills in medicine and technical sciences are needed to allow for the full use of currently available tools in the processes involved in reconstructing the facial areas of the skull. Knowledge of the flow of digital data and identifying factors that determine the accuracy of the geometry of anatomical structures can allow for the development of a procedure that will significantly accelerate and improve the modeling and manufacture of anatomical structures within the craniofacial region.




2. Materials and Methods


The 2D images acquired using tomographic diagnostic systems commonly visualize the craniofacial area [9,14]. In this case, the research was conducted on three patients scanned on a Somatom Definition AS+ multi-row CT scanner (Siemens Medical Solutions, Forchheim, Germany). In the first patient’s case, one needed cranial vault restoration while two required mandibular model implants. The tomographic system creates a cross-sectional image of the object by mathematically reconstructing the measured radiation intensities received by detectors moving in a circular orbit around the patient. Some emitted photons passing through the object under study are transmitted, and some are absorbed or scattered. Each tissue has a different X-ray attenuation coefficient. These are normalized to the coefficient for water and expressed in Hounsfield units (HUs). The CT image represents HUs and is presented in grayscale for each pixel. The final output is DICOM data. This is a standard that defines the format and method of image data transmission between imaging devices and units for their analysis and secondary processing (diagnostic descriptive workstations) or archiving systems. An object in DICOM format is multi-attribute. It consists of elements such as first name, last name, and patient ID, as well as a unique attribute that contains image data. During the measurement process, the traditional scanning protocol followed for the craniofacial area was used for the three patients analyzed (Table 1).



2.1. RE Modeling Process


Due to the limitations of the obtained DICOM data (Figure 1a) [20,21], the spatial and contrast resolution of 2D images was increased before the segmentation process. First, a data interpolation process was carried out. This process consisted of determining additional pixels along with their value based on the intensity of neighboring pixels. This procedure made it possible to obtain a more accurate representation of the contours of the reconstructed bone structure. The data were then subjected to a process of de-noising and edge sharpening. A segmentation was carried out on this reformatted DICOM data (Figure 1b).



The process involved dividing the 2D image into different regions (masks), with each defining a particular anatomical structure [24,25]. This process is usually carried out using manual or semi-automatic methods. In the case of the presented research, a thresholding method was used to segment the bone structures. It consisted of converting a grayscale image into a binary image by setting a binarization threshold. A lower segmentation threshold was selected for the reconstructed geometries: 300 HU for all analyzed patients. The isosurface, a surface rendering method, was used to create the 3D model of the mandible [14,23]. This is based on the marching cube algorithm. This algorithm processes pixel intensity information and uses it to create triangular meshes that map the surfaces of objects reconstructed from DICOM data. The result was 3D visualizations of the models, which were saved in STEP format (Figure 2).



When creating an STL file [25], a three-dimensional object is described using triangulated surfaces. The STL file describes the surface by specifying the normal vector and the coordinates of the triangle’s three vertices. The triangles generated often vary in size and shape. When the conversion process is correct, the defined normal vector should always be directed to the outside of the approximated solid. In converting DICOM data to a 3D STL model, thousands or even millions of triangles are often generated with varying degrees, allowing for the accurate approximation of curvilinear surfaces.




2.2. CAD Modeling Process


In the CAD modeling stage, three concepts were used to create the model: a tool to mold the geometry of the cranial vault, a prototype implant to complement the anterior part of the mandibular geometry, and a customized prototype surgical plate to match the mandibular geometry.



The preliminary CAD modeling of the tool to form the geometry of the cranial vault defect was carried out in Meshmixer. The process at this stage consisted of mirroring against the sagittal plane. A cavity completion model was initially developed and exported using Boolean methods to STL format. Further CAD modeling of the cavity was carried out in CATIA V6. A surface model was created using the automatic surface generation function. Then, a final 3D CAD model was developed by applying functions for solid modeling. In the next step, a mold model was created. It was made by applying Boolean methods to the developed 3D CAD model of the cranial vault defect [38,39]. In addition, a handle and hinges for the mold were created in the modeling process. Finally, all developed models were saved in STEP format. The entire CAD modeling process is presented in Figure 3.



In developing a prototype implant of the anterior part of the mandible (Figure 4), it was necessary to reconstruct the geometry of two mandible models of the same patient (before and after resection) [14]. The two models were then imported into Meshmixer software and fitted. This step determined resection sites using the digital model of the mandible from before the surgery. Basic Boolean functions were used for this purpose. Once the process of modeling the initial geometry of the prototype implant was completed, the process of verifying the model’s fit to the digital geometry of the mandible after the resection procedure began.



Because the human body is not symmetrical, additional tools were necessary for positioning the prototype [14]. These were used to move and rotate the implant prototype precisely in space. In the final stage of the modeling process, the focus was on the aspect of preparing handles and holes for surgical screws. After the entire geometry of the implant prototype was developed, it was saved in STL format.



A prototype model of the surgical plate was designed using CATIA V5 software. The process was carried out based on the reconstructed geometry of the mandible. The mandible model was converted to a 3D CAD model in the first step [26,28]. The next step was to digitally fill the mandibular bone defect to improve the fit of the modeled surgical plate in this area. The surgical plate model was developed using basic free surface sketching tools. A surface model was then developed based on the functions used for CAD modeling, which was then converted into a solid model. In the final step, the holes for the surgical screws were modeled. As a result, a prototype implant was developed that matched the geometry of the damaged part of the mandible. The anatomical model of the mandible and the resulting surgical plate model were saved in STEP format. The entire CAD modeling process is presented in Figure 5.




2.3. The Process of Manufacturing Models Using Rapid Prototyping (RP) Methods


In the next step, physical models were made using a rapid prototyping technique. For this purpose, a Bambu Lab X1 printer was used. Manufacturing a model using this method consisted of applying successive layers of material until the entire model was obtained [1]. The material applied through the printing nozzle was in a plastic state and permanently bonded to the previously applied layer. The models developed at the CAD modeling stage were prepared in STEP format before printing in OrcaSlicer (Figure 6).



The main advantages of the STEP format are the ability to store data using a mathematical representation of curves, good file compression without losing quality with the source files, and backward compatibility. Thus, using a STEP file instead of STL made it possible to achieve the more accurate development of the G-Code controlling the 3D printer. Acrylonitrile butadiene styrene (ABS+), chlorinated polyethylene (CPE), polylactic acid (PLA+), and Polyethylene Terephthalate modified with Glycol (PETG) polymer materials were used in the printing process. The layer thickness was 0.1 mm for the mold component models, and for the mandible and surgical plate models, the value was 0.08 mm. Each material used was calibrated before printing the part. As a result, physical models were obtained (Figure 7).




2.4. Measurement Process of the Manufactured Models


The process of evaluating geometric accuracy was carried out on manufactured prototypes of surgical plates made of ABS+, CPE, PLA+, and PETG materials. A 7-axis MCA II coordinate measuring arm with a measurement range of 1.8 m, equipped with MMD × 100 laser heads, was used for this purpose [26,27] (Figure 8).



The measurement plan was determined using Focus Handheld software. The software was also used to communicate and register digital measurement results. A three-dimensional point cloud represented the measurement data. The software also automatically generated a triangle mesh on the collected data based on the obtained data, which was then exported in STL format. The resolution of the point cloud measurement was set to 0.01 mm. To optimize the measurements, the appropriate triangulation distance of the scanner from the measured object was maintained while keeping the laser beam perpendicular to the scanned surface.



The manufactured surgical plate was subjected to surface roughness measurement on a TalyScan 150 measuring machine [27] (Figure 9). In the process of evaluating the surface roughness of surgical templates made of ABS+, CPE, PLA+, and PETG material, a sampling step in the X and Y axes was set equal to 5 µm. The single measured area was 4 mm × 4 mm. The lowest available measurement speed of 2000 µm/s was used during the measurement. When measuring one profile, the head was not raised before measuring the next. This procedure avoided the introduction of unnecessary tip oscillations during the measurement. The measurement was made perpendicular to the direction of application of successive layers of material. The result was a three-dimensional surface saved to SUR format, on which further numerical processing was carried out.





3. Results


In the case of the presented article, the process of verifying the accuracy of the models’ geometry was carried out using Focus Inspection software. The fitting process of the nominal model obtained at the RE/CAD design stage and the reference model generated at the measurement stage using the MCA II measuring arm system equipped with MMD×100 laser heads was carried out using the best fit method with an accuracy of 0.005 mm. The evaluation of the geometric accuracy was determined using classical measures of describing the structure of the area. Within the research conducted, the following were determined: mean deviation (yaverage), standard deviation (σ), maximum deviation (ymax), minimum deviation (ymin), and range (R). A 3D visualization of the analyzed surface with the obtained parameters is presented in Figure 10.



After analyzing the geometry measurements of the prototype surgical plate, it was observed that the material used in 3D printing affects the test results obtained. Most of the deviations for the ABS Plus material are within the tolerance of ±0.1 mm. The deviation map for this material is more uniform, meaning that the deviation values are close to the nominal value. However, an increase in the deviations with a negative value was noticed at the model’s edges. Similar results were obtained for the PETG material. The highest geometry deviation values were found for the CPE material and PLA Plus. For the CPE material, most of the deviations are within the tolerance of ±0.2 mm, and for PLA Plus, the tolerance is ±0.18 mm. The most significant positive deviations for the PLA Plus and CPE materials were observed in the contact area between the model and the 3D printer’s work table, as well as in locations within the surgical screw holes. Despite the system’s calibration, problems were encountered with the smooth flow of materials through the print nozzle, making it challenging to produce an accurate representation of the screw holes. The deviations in the contact area between the model and the printer’s work table increased due to the difficulty of detaching the prototype wafer after 3D printing. Heterogeneous deviation maps were observed for the PLA Plus and CPE materials. The primary variation in the deviation values was seen in the front part of the surgical plate prototype, which may be related to the faster material shrinkage in this area of the model. All of the reports evaluating the geometric accuracy of the prototype surgical plate are acceptable for the procedure planning process, as they are within the tolerance of ±0.3 mm.



MountainsMap software was used to determine the surface roughness parameters [27]. First, a filtering process was performed to remove the obtained shape deviations. It was carried out using a third-degree polynomial. Then, to separate the long-wave components, a Gaussian filter λc = 0.8 mm was applied, which marks the transition from roughness to waviness. As a result, a 3D visualization of the surface roughness of the surgical template was obtained. Based on the developed results, the values of the parameters were determined: arithmetic mean height (Sa), squared mean height (Sq), maximum peak height (Sp), maximum valley depth (Sv), and maximum height of the surface (Sz). A three-dimensional visualization of the analyzed surface with the obtained parameters is presented in Figure 11. When analyzing the data evaluating the surface roughness of the studied models, more comparable reports were perceived than in the case of the geometry accuracy analysis. Comparing the obtained 3D visualizations, the layered structure of the analyzed surfaces was noticed. The most significant variability of the measured surface was observed for the PLA plus material. However, the maximum valley depth (Sv) and peak height (Sp) values were obtained for the PETG material, which were also noticeable on the 3D map. The highest value of the Sa parameter was obtained for the PLA plus material, which was 4.15 µm, and the smallest was obtained for the CPE material, equal to 3.62 µm. The most negligible variation was the surface obtained from the ABS Plus and CPE materials. For these surfaces, the Sq parameters were 4.56 µm and 4.46 µm, respectively.




4. Discussion


Considering the craniofacial area, paying attention to the data flow at the stage of modeling and manufacturing the final model is crucial. At each stage, errors occur that ultimately distinguish the fabricated anatomical structure from its actual corresponding structure (Figure 12). This difference can affect the quality of carrying out the planning and, eventually, the performance of the procedure [18,19]. The literature has pointed out that the spatial and contrast resolution of DICOM data significantly impacts the accuracy of reconstruction [20,21]. If it is impossible to obtain high-quality DICOM data, a digital processing process is performed on them. Within the scope of this article, a method of interpolation and digital filtering of the data was carried out. This process allowed for the partial recovery of lost pixels at the stage of tomographic diagnosis. Thus, the process of segmentation by thresholding was significantly improved. A triangle mesh was generated using the marching cube algorithm, enabling further CAD modeling. However, preparing implants or surgical templates requires high surface and solid modeling skills. Crucial at this stage is the proper alignment of the designed models with the geometry of the anatomical structure [26,27]. This process is time-consuming since bony structures are not symmetrical in the sagittal plane.



Various devices and methods for manufacturing models with complex shapes based on additive methods are available on the market [38,39]. Despite the availability of many additive manufacturing methods, none dominate in medical applications. This is due to several factors related to dimensional and geometry accuracy [14,35] and surface roughness [36,37]. Many factors affect the accuracy of fabricated models using additive techniques. Some of the most significant include the technology used [40,41], the thickness of the print layer [40,42], the orientation of the model in the 3D printer space [43,44], and the type of material [40,45] or finishing treatment used [37]. Recently, more and more models of anatomical structures have been made using material extrusion (MEX) techniques. The primary materials used are PLA [14,46], ABS [46], PETG [47], and polycarbonate (PC) [48]. In the case of MEX methods, the accuracy of model fabrication is usually within a tolerance of ±0.3 mm [49,50] and the surface roughness, traditionally expressed by the value of the Ra parameter, is highly variable and for the PLA material ranges from 0.7 µm to 12.8 µm [51], for PETG, it is from 0.91 µm to 10.64 µm [52], and for ABS, it is from 2 µm to 7 µm [53].



Nowadays, one can see the increasing use of models of anatomical structures, surgical instruments, and implants in the planning and performing of surgical procedures [9,14,38]. Also, the models made as part of the presented article support surgeons. They make the following possible:




	
Better preparation of the doctor for the surgery;



	
Increased precision in the performance of surgery;



	
The selection of appropriate surgical instruments;



	
More thorough consultation of the case with other doctors before starting the procedure;



	
More detailed presentation of the scope of the surgery to the patient and a discussion of its course;



	
A reduced duration of surgery (general anesthesia).








The development of models with improved modeling and manufacturing accuracy has made the precise planning of implant positions possible by avoiding blood vessels and nerves. In addition, when mapping the defect of the anterior part of the mandible and the cranial vault, the risk of damage to the adjacent bone structures is minimized.




5. Conclusions


Developing a uniform data flow in RE/CAD/RP/CAI systems is difficult. It is even more complicated when modeling anatomical structures within the craniofacial region. At each stage of the data flow, from measurement through reconstruction and CAD modeling to the execution of the physical model, geometry errors can arise. Therefore, it is essential to identify factors at these stages that affect the accuracy of the final product developed. Thus, it is possible to apply additional numerical data processing processes, increasing the accuracy of the model of the anatomical structure, the surgical template, or the implant. Through the support of CAI systems, it is possible to develop results in the form of, among other things, three-dimensional maps and statistical parameters, which enable analyses to estimate errors at the stage of manufacturing the physical model. These results provide essential information that allows quality control to be carried out on the fabricated product before it is released for immediate use.
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Figure 1. DICOM data of the craniofacial area: (a) without processing; (b) with numerical processing performed. 
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Figure 2. Three-dimensional visualization of DICOM data for (a) Patient 1, (b) Patient 2, and (c) Patient 3. 
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Figure 3. CAD modeling process of a mold for creating a cranial vault defect. 
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Figure 4. CAD modeling process of the prototype implant of the anterior part of the mandible. 
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Figure 5. CAD modeling process of a prototype of a customized surgical plate. 
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Figure 6. Layering of the model with generated support material for (a) mold elements; (b) mandibular anatomical model; (c) surgical plate model. 
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Figure 7. Manufactured models of: (a) mold; (b) mandibular anatomical model; (c) surgical plate model. 
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Figure 8. The process of measuring the geometry of a prototype surgical plate. 
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Figure 9. The process of measuring the surface topography of a manufactured surgical plate. 
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Figure 10. Results obtained evaluating the accuracy of geometry for materials: (a) ABS Plus; (b) PLA plus; (c) PETG; (d) CPE. 
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Figure 11. Results obtained evaluating the surface roughness for materials: (a) ABS Plus; (b) PLA plus; (c) PETG; (d) CPE. 
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Figure 12. Factors affecting the accuracy of modeling and manufacturing of anatomical structures, surgical templates, or implants. 
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Table 1. Scanning protocols.
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Parameters

	
Patient 1

	
Patient 2

	
Patient 3






	
Tube voltage

	
120 kV

	
100 kV

	
80 kV




	
Tube current–time product

	
158 mAs

	
158 mAs

	
227 mAs




	
Slice collimation

	
32 × 1.2 mm

	
32 × 1.2 mm

	
64 × 0.6 mm




	
Kernel

	
H31s

	
H31s

	
I26s




	
Matrix size

	
512 × 512




	
Pixel size

	
0.4 mm × 0.4 mm




	
Slice thickness

	
1.5 mm

	
1.5 mm

	
0.7 mm
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