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Designing an anatomical structure for a surgical procedure is not a simple task. 

It is especially true of the craniofacial area, which consists of bone tissues with 

very complex geometry. CAD modelers need appropriate knowledge and 

skills in medicine and technical sciences to fully use the currently available 

tools in related processes with the reconstruction of the craniofacial areas. The 

presented preliminary studies are based on four patients treated at the 

Department of Maxillofacial Surgery. The segmentation process of the 

mandible model was performed in the ITK SNAP software. The process of 

generating surface body models was performed in the Auto Surfacing module 

in Geomagic software using two different methods: organic and mechanical. 

Then compare both methods for the accuracy of generating a CAD model of 

the mandible based on a triangle mesh structure in the Focus Inspection and 

the GOM Inspect software. 
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1. Introduction 

Reverse engineering is a process that makes it possible to reconstruct the geometry of an existing object 

(Raja and Fernandes (2007), Bagci (2009)). It covers activities related to data acquisition, reconstruction of the 

geometry of measured objects, and the transformation of the obtained data into a form that allows its use in 

CAD systems. When a physical object has a complex shape, the reverse engineering process is often the only 

way to create a digital model (Turek (2019), Ciocca et al. (2012)). The process of reverse engineering is, 

therefore, very complex. In order to correctly reconstruct the geometry of the object, the CAD modeler needs 

to have skills and knowledge about the measurement technique (Raja and Fernandes (2007)), data processing 

(Urbanic et al. (2008)), and manufacture technology (Boboulos (2010), Gibson et al. (2021)). Currently, reverse 

engineering is used in many areas, including the automotive (Marchetti and Stabili (2018)), and aviation 

industry (Kumar et al. (2013)). It is also very often used in medicine - e.g., reconstructing the geometry of 

anatomical structures (Stojkovic et al. (2018), Turek (2019)) and design implants (Milovanović et al. (2020)), 

surgical guide (Liu et al. (2014), Orabona et al. (2018)). The made three-dimensional models of bone structures 

allow for: 

 better preparation of the doctor for the procedure; 

 increasing the precision of the operation; 

 selection of appropriate surgical instruments; 

 consulting the case more carefully with other doctors before starting the procedure; 

 presenting the patient in more detail with the scope of the procedure and discussing its course; 

 shortening of the time of surgery (general anesthesia); 

 reduction of blood loss during surgery; 

 minimizing intraoperative complications. 
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When designing anatomical structures, the first step is to obtain volumetric data. It can be done through the 

use of tomographic systems (Cohen et al. (2009)), magnetic resonance imaging (Huotilainen et al. (2014)) and 

ultrasonography (Vaezi et al. (2012)). Then the obtained data is transformed into a three-dimensional model. 

Various types of software are used for this purpose. The commercial program Mimics (Figliuzzi et al. (2012)), 

3D Doctor (Teeter et al. 2015)), Amira (Maret et al. (2012)) and Maxilin (Olszewski et al. (2014)) appears 

most often in the literature. It is very important to research the accuracy of the geometry reconstruction and the 

manufacture of the physical model (Budzik and Turek (2018) and Turek and Budzik (2021)). Currently, at the 

stage of reconstructing the model geometry, research is being carried out to improve the accuracy of 

segmentation of the anatomical structures (van Eijnatten et al. (2017) and (2018)), triangulation algorithms 

(Manmadhachary et al. (2016)) and CAD modeling (Yoo (2011)). In the case of manufacturing models of 

anatomical structures using additive techniques, it is necessary to check the model saved in the STL format for 

structure errors (Manmadhachary (2016)). Considering machining methods, it is necessary to generate a CAD 

model based on the STL model accurately. Creating an accurately generated surface body based on a triangle 

mesh structure can significantly reduce the preparation time of the machining process (Budzik et al. (2015)). 

The literature analysis shows the increasing use of CAD/CAM/RP systems in medicine. Knowing of 

designing anatomical models can help a lot in the future in the controlled preparation of templates and surgical 

guides in terms of the accuracy expected during the procedures. They can also be supported in the process of 

carrying out, among other things, procedures to restore the continuity of the mandible geometry, as well as 

treatment of other diseases of the skeletal system. 

2. Materials and methods 

Models of the four mandibles were obtained from the Siemens Somatom Sensation Open 40 tomograph. 

Digital Imaging and Communications in Medicine (DICOM) data was provided from the Provincial Clinical 

Hospital no. 1. Frederic Chopin in Rzeszów. The traditional scanning protocol for the craniofacial scan was 

used (Table 1). 

Table 1. The scanning protocol. 

Name of parameters Value of parameters 

Tube voltage 120 kV 

Tube current-time product 115 mAs 

Acquisition 40 × 0,6 mm 

Slice collimation 0,6 mm 

Kernel H60s 

Matrix size 512 × 512 

Pixel size 0,4 × 0,4 mm 

Based on the prepared data, the segmentation process of the mandible model was performed in the ITK 

SNAP software. The value of 200 HU was selected as the lower threshold value. In order to visualize the 3D 

model of the mandible, the isosurface method was used, which is part of the surface rendering methods. This 

method is based on the marching cubes algorithm. This algorithm proceeds through the scalar field, taking 

eight neighbor locations at a time (thus forming an imaginary cube), then determining the polygon(s) needed 

to represent the part of the isosurface that passes through this cube. The individual polygons are then fused into 

the desired surface. It is done by creating an index to a recalculated array of 256 possible polygon 

configurations within the cube by treating each of the eight scalar values as a bit in an 8-bit integer. If the 

scalar's value is higher than the iso-value (i.e., inside the surface), then the appropriate bit is set to one, while 

it is lower (outside), it is set to zero. The final value, after all, eight scalars are checked, is the actual index to 

the polygon indices array. Finally, each vertex of the generated polygons is placed on the appropriate position 

along the cube's edge by linearly interpolating the two scalar values connected by that edge. This algorithm 

guarantees that the resulting surfaces are free from cracks and holes, that no triangles (single surface built on 

three nearest points) intersect, and that all regions assigned to different materials are well separated from each 

other. The final model of the mandible has been saved as an STL(STereoLitography) file (Fig.1) and next 

imported into the Geomagic software. The Geomagic software gives many tools for editing and manipulating 

the data obtained during the digitization process. The main task of this software is to convert the point cloud 

to a triangle mesh or free surfaces described by NURBS (Non-Uniform Rational B-Spline) curves while trying 

to obtain the best possible accuracy of the physical model. Due to inaccuracies occurring during the 

measurements, the fundamental errors in the triangle mesh were verified: 
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 inverted normal vectors; 

 gaps between the triangles describing the surface; 

 surface distortions; 

 loss of whole surfaces or their fragments; 

 overlapping triangles; 

 assigning a single edge to more than one triangle. 

 
 

Figure 1. The models representing a mandible geometry (triangle mesh) 

In the test results, no errors were found in the structure of the mesh. The final part of preparing ready-

made models consisted in defining the cutting plane against which ready-made models of the mandible sections 

were obtained. The process of generating surface models was performed in the Auto Surfacing module. Auto 

surfacing creates a surface body that can envelop the entire geometric shape of a target mesh. It provides two 

different methods: 

 

 Organic: Create a surface body from a target mesh by projecting an evenly distributed curve network 

(Fig.2); 

 Mechanical: Create a surface body from a target mesh by constructing a curve network following the 

features (Fig.3). 

 

The entire process of generating the mandible sections' surface model consisted of creating spline 

approximation curves on the obtained triangle mesh using the organic and then the mechanical method. As a 

result, an edge model was obtained, then used to distribute the panels over its entire surface. The final step was 

to combine all the created surfaces into one coherent whole. The process uses default settings for the accuracy 

of fitting the surface slices to the triangle mesh. 
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Figure 2. The scheme of designing a mandible CAD model – organic method 
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Figure 3. The scheme of designing a mandible CAD model – mechanical method 
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3. Results 

As part of the presented research, the CAD modeling methods were assessed to match the surface patches 

to the triangle mesh structure. The process of verifying the procedures was carried out on the Focus Inspection 

and GOM Inspect software. The fitting of the nominal model (triangle mesh) and the reference model (CAD 

model) was performed using the best fit method with an accuracy of 0.001 mm. 

 

a) b) 

  
c) d) 

  
e) f) 

  
g) h) 

  

Figure 4. CAD model generation accuracy report: (a) model 1 – organic method; (b) ) model 1 – 

mechanical method; (c) ) model 2 – organic method; (d) model 2 – mechanical method; (e)  model 
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3 – organic method; (f) model 3 – mechanical method; (g) model 4 – organic method; (h) ) model 

4 – mechanical method; 

4. Discussion 

Two methods were used in the 3D modeling process - CAD of the mandible models - Organic and 

Mechanical. Both methods allowed for the creation of approximation splain curves on the obtained triangle 

mesh. As a result, an edge model was created on which the surface patches were spread. The great advantage 

of the methods used is the ability to control the course of the generated curves (Fig.5). The difference between 

them is how they are generated. 

 

a) b) c) 

   

 

Figure 5. Process of editing curves: (a) View before editing; (b) After removing curves; (c) after 

joining 

In the case of the first method, more regular shapes of the surface patches were obtained. The second 

method is more focused on minimizing the number of patches on the surface of the 3D CAD model. In the 

modeling process, care was taken in particular about the most accurate representations of the mandible's lateral 

surface and the condylar process's geometry. These areas are mainly used in designing implants and tools to 

improve the course of surgery and rehabilitation of the patient in the mandibular area. Problems were 

encountered with method one with frequent non-closing of surface patches and longer data processing time. In 

addition, reports assessing the accuracy of matching the patches to the surface of the models mainly indicate 

an increase in the standard deviation in the first method. The results show that in the case of modeling the 

surface of anatomical objects, the increase in the number of surface patches does not necessarily positively 

affect the accuracy of the surface model generation. Both methods have a problem with mapping the sharp 

edges of models. Considering the two procedures, the Mechanical method works best in modeling the lateral 

sections of the mandible. 

5. Conclusion 

Designing an anatomical structure model for surgery is not a simple task. It is especially true of the 

craniofacial area, which consists of bone tissues with very complex geometry. CAD modelers need appropriate 

knowledge and skills in medicine and technical sciences to fully use the currently available tools in related 

processes to reconstruct the craniofacial areas. It is especially true of the lower jaw, which is the only movable 

bone in this area. The preliminary research results on the accuracy of generating a CAD model based on a 

triangle mesh is a starting point for further, which will focus on developing a methodology for designing 

surgical templates and implants within the mandibular area. 
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