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ABSTRACT 

Various applications exist for additive manufacturing (AM) and reverse engineering (RE) within the 

medical sector. One of the significant challenges identified in the literature is the accuracy of 3D 

printed medical models compared to their original CAD models. Some studies have reported that 3D 

printed models are accurate, while others claim the opposite. This thesis aims to highlight the medical 

applications of AM and RE, study medical image reconstruction techniques into a 3D printable file 

format, and the deviations of a 3D printed model using RE. A case study on a human femur bone was 

conducted through medical imaging, 3D printing, and RE for comparative deviation analysis. In 

addition, another medical application of RE has been presented, which is for solid modelling. 

Segmentation was done using opensource software for trial and training purposes, while the 

experiment was done using commercial software. The femur model was 3D printed using an industrial 

FDM printer. Three different non-contact 3D scanners were investigated for the RE process. Post-

processing of the point cloud was done in the VX Elements software environment, while mesh 

analysis was conducted in MeshLab. The scanning performance was measured using the VX Inspect 

environment and MeshLab. Both relative and absolute metrics were used to determine the deviation 

of the scanned models from the reference mesh. The scanners' range of deviations was approximately 

from -0.375 mm to 0.388 mm (range of about 0.763mm) with an average RMS of about 0.22 mm. 

The results showed that the mean deviation of the 3D printed model (based on 3D scanning) has an 

average range of about 0.46mm, with an average mean value of about 0.16 mm. 
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CHAPTER 1:  INTRODUCTION 

1.1. Background 

3D printing (3DP) or additive manufacturing (AM) has various applications within many 

industries. Adding material layer by layer has created many possibilities in the manufacturing 

industry. Applications include rapid prototyping, low-volume manufacturing, and industries 

with high levels of customization. In the same sectors that require high levels of customization, 

the process of acquiring the design information becomes key. In that regard, another process 

that goes hand in hand with AM and 3DP is reverse engineering (RE).  

One such sector that has had many applications of both AM and RE is the medical sector. 3DP 

enables the production of patient-specific medical devices that are usually not possible using 

conventional manufacturing methods. Acquiring design information for these purposes is 

generally conducted through medical imaging or 3D scanning, in essence, RE.  

In this regard, a literature study is presented in this report to examine how 3DP and RE 

technologies are applied in the medical sector. With a particular focus on AM and RE 

technology, materials and resources used, and applications. 

Medical image file formats are not compatible with performing 3D analyses. Therefore, a 

transformation process is required to obtain a file format that can be used in CAD or finite 

element software. The significant aspects of moving from a medical image to a 3D printed 

model have been studied in this thesis.  

One of the critical challenges identified in the literature study is the accuracy of 3D printed 

medical models. The accuracy and inaccuracy of anatomical models used for surgical purposes, 

teaching, implants, and finite element analysis (FEA) have been reported in various works of 

literature. This report presents a case study that investigates a 3D printed model created from 

medical image reconstruction. 

Norway is one of the countries with the highest registered incidence of hip fractures in the 

world. About 60% of the hip fractures are in the femoral neck, a few in the caput, and the rest 

are in the trochanteric region, called trochanteric, pertrochanteric, or intertrochanteric fractures 

[1]. As such, the anatomical structure used in this thesis is a human femur bone model.  
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1.2. Objectives  

General Objective 

Medical imaging is the process of obtaining information about the body's interior for diagnostic 

or treatment purposes and can be obtained from different imaging modalities. The general 

objective of the thesis is to investigate the compatibility of medical images with 3D printing 

file formats through an accuracy assessment.  

The aim is to study the quality of medical image reconstruction as part of the accuracy 

assessment. The assessment will include both qualitative (visual and subjective) and 

quantitative (numerical and objective) analyses.   

In addition, the RE process will be explored in the medical context for solid modeling and 

comparative deviation analysis, i.e., as a tool for quality assurance. A flow chart has been 

presented in Figure 1-1 to visualise the general objective of the thesis. 

 

Figure 1-1 - Objectives Flowchart 

A medical image will be segmented to extract an anatomical structure model to obtain a 3D 

CAD model. The CAD model will be used to create a physical representation using 3D printing. 

The 3D printed model will then be reverse engineered for compatibility analysis through 

accuracy assessment using non-contact scanning methods. The outcome of the scanning 

process will be compared with the original CAD model. 



 

3 | P a g e  

 

Specific Objectives 

The specific objectives of the thesis are as follows: 

1) A closer review of the application of 3D printing in the medical sector 

2) A closer review of 3D scanning applications for reverse engineering with a particular focus 

on medical applications.  

3) The conversion process of medical image data for 3D printing purposes 

4) Reverse engineering of an anatomical structure for compatibility analysis 

1.3. Limitations 

To create a physical model, the first step is medical image acquisition, thereafter segmentation, 

and then a 3D CAD model is used for 3D printing. The study conducted in this thesis is limited 

to the second and third steps and not the medical image acquisition process.  

The deviation analysis conducted in this thesis considers only deviation caused during 3D 

printing and the scanning process. Regarding accuracy, the models’ deviation from the STL 

file created from the medical image reconstruction will be considered rather than the medical 

correctness of the anatomical structure itself. 

The most widely used AM technology within the medical sector is fused deposition modeling 

(FDM) 3D printing. For the studies conducted in this thesis, the 3D printing will be limited to 

FDM. 

1.4. Methodology 

An overview of the methodology implemented in the thesis is given below. 3.6describes in 

detail the methodology implemented for the experimental work. 

 Literature review/study 

• Making use of books, journals, articles, interviews, and other online materials to 

conduct a literature review 

 3D model from medical image (STL) 

• Data:  
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• medical images from Emobdi3D [2] for trial purposes and  

• medical images from the Stavanger universitetssjukehus for the experiment.  

• Techniques: Segmentation using opensource software (3D slicer) for trial purposes and 

commercial software (Mimics) for the experiment. 

 3D Printing 

• Data: CAD models from medical image reconstruction (STL) 

• Techniques: FDM 3D printer available at UiS (Fortus 450mc) 

 3D Scanning 

• Data: 3D printed model 

• Techniques: 3D scanning with three different scanners available at UiS (Handyscan 

700, Einscan HX, and Artec EVA-M) 

 Compatibility Analysis 

• Data: CAD models of 3D printed parts using 3D scanning 

• Techniques: Comparative deviation inspection using commercial software (VX 

Inspect) and open-source software (MeshLab) 

 Solid modelling through RE 

• Data: CAD models of 3D printed parts using 3D scanning 

• Techniques: Solid modelling in opensource software (FreeCAD) 

1.5. Scope of work 

This report is divided into two main parts. The first part presents the definition of the thesis, 

objectives, and the literature study on AM, RE, and medical applications. The second part of 

this report presents the experimental work conducted to achieve the objectives of this study. In 

that regard, the thesis layout is as follows:  

Part 1 – Introduction and literature review 

• Chapter 1 

An introduction to the thesis is given in this chapter, together with the purpose and 

objectives of the studies conducted in this thesis. 

• Chapter 2 

In this chapter, various applications of AM within the medical sector are presented 

using information gathered from the literature review on medical applications of AM. 
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The methods used in various accuracy assessments and deviation analyses of medical 

models are extracted from literature and summarised. 

• Chapter 3  

In this chapter, various applications of RE within the medical sector are presented using 

information gathered from the literature review on medical applications of RE. The 

methods used in various accuracy assessments and deviation analyses of medical 

models using RE and 3D scanning are extracted from literature and summarised. 

Part 2 – Experimental work and results 

• Chapter 4  

This chapter describes in detail the methods, processes, and resources utilized in this 

thesis for the purposes of 3D printing and RE. In particular, the methodology 

implemented in the compatibility study of a human femur bone model created using 3D 

printing will be presented. Furthermore, the methodology implemented during the RE 

process is presented as well. 

• Chapter 5  

The results obtained from 3D printing and scanning are presented and discussed in this 

chapter. The results obtained from the solid modelling process are also presented and 

discussed. 

• Chapter 6  

The conclusions based on the observed results and future works are presented in this 

chapter.  

• Chapter 7  

The bibliography has been presented in this chapter 
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CHAPTER 2:  ADDITIVE MANUFACTURING OR 3D 
PRINTING AND APPLICATIONS IN THE MEDICAL SECTOR 

In this chapter, various applications of AM within the medical sector are presented using 

information gathered from various literature on medical applications of AM. An overview of 

AM and 3D printing is first discussed. The importance of the CAD model and the slicing 

process for 3D printing is explained.  

2.1. Additive Manufacturing or 3D Printing 

The advent of 3DP (or AM) has had revolutionary impacts in the field of fabrication and 

manufacturing. AM makes it possible for on-demand, cost-effective and rapid production of 

components in comparison to conventional fabrication methods. These qualities have made 

these technologies a viable alternative in many fields. Creating objects in a successive layer-

by-layer fashion through stereolithography has paved the way for greater possibilities in 

various sectors, including the field of medicine. 

AM refers to a group of manufacturing technologies that create physical objects using CAD by 

joining material in a layer-by-layer fashion. It is different from traditional processes where 

cutting, drilling, and grinding operations are employed to remove excess or unwanted material 

from a solid piece of material to create an object [3]. AM is quite lenient in comparison to 

traditional manufacturing processes for complex geometry fabrication and is one of the core 

technologies of Industry 4.0.   

The American Society for Testing and Materials (ASTM), together with the International 

Organization for Standardization (ISO), has classified AM technologies as follows [3]: 

photopolymer vat, material extrusion, powder bed fusion, directed energy deposition, sheet 

lamination, Material jetting, binder jetting.  

Some of the main advantages of AM technologies over traditional manufacturing are [4, 5]: 

• Design flexibility – layer-by-layer fabrication enables the fabrication of complex geometry 

(e.g., organic shapes). 
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• Cost of geometric complexity – A simple change in design can cause significant production 

time changes using traditional manufacturing processes. With the use of AM technology, 

there are no additional costs when implementing complex geometry.  

• Dimensional accuracy – current expectations of AM technology require standards to govern 

the accuracy of finished products. This is mainly because of the shrinkage effects of AM-

produced parts and the post-processing when removing support structures. 

• Need for assemblage – complex shapes may have to be produced in segments and later 

assembled with traditional manufacturing. There is no need for that with AM technology. 

Single parts can be printed in a single go with the aid of support. This also applies to parts 

with multiple components. In essence, AM technologies make the process somewhat a 

seamless process.  

• Time and cost efficiency in the production run – when it comes to low quantity parts and 

on-demand fabrication, AM technologies are more suitable. 

Some of the problems with CNC machining for components with complex shapes are 

highlighted in Figure 2-1. Medical models are often made up of organic (complex) shapes. The 

challenges of manufacturing these models using conventional methods are similar to those 

highlighted in Figure 2-1. The components displayed are part of the bottom hole assembly used 

in the Drillbotics project. 

 

Figure 2-1 – Highlights of some problems with CNC machining 
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2.2. General steps of the AM process 

Whether it is for prototyping, model making, or product development, some general steps are 

taken to produce a 3D printed part (Figure 2-2).  The below-mentioned steps might differ 

slightly between different AM technologies. Each step in this process might have more steps 

or subprocesses within them, depending on the purpose of 3D printing. E.g., in the case of 

designing or product development, more steps will lie in the product design process, whereas 

in the model-making process, there will be more postprocessing. The key aspects of the CAD 

model and the slicing process will be presented thereafter. 

 

Figure 2-2 – General process applicable to AM and 3DP 

The subsections to follow highlight the importance of the CAD file and slicing for 3D printing. 

In medical applications, a CAD model is required for the printing of an anatomical structure or 

an ROI extracted during segmentation. The output of the segmentation process is a surface 

model, essentially a mesh. The quality of the mesh is determined by the segmentation process. 

The quality of the segmentation can influence the interpolation of the 2D segments to create a 

3D model and thus creating errors in the slicing process. It is for this reason that the importance 

of the CAD file and slicing for 3D printing is emphasized in the sections to follow. 

2.2.1 CAD Model 

The representation of an idea can be in many forms. However, for the process of 3DP, a 3D 

digital model is required. A 3D digital model can be created or sourced through different 

avenues. In the design process, concepts and final designs can be created using solid modelling 
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techniques a CAD software (such as Autodesk Inventor or Solidworks). Alternatively, an 

already existing object/product can be 3D scanned to get the geometrical information and thus 

a 3D digital model. If we consider a 3D digital model as the input for the AM process, there 

are at least three possibilities of input, viz. CAE, RE technology, and haptic-based CAD [5]. 

A closed, “watertight” model without any gaps is required for preprocessing so that the part 

can be 3D printed. For 3D printing, problems that can arise in this step are when poor modelling 

techniques are implemented during the solid modelling process or due to older, poorly 

developed 3D CAD software. Generally, these can be detected in meshing or slicing software 

once imported and analyzed.  

Example: As part of the Drillbotics project, a positive displacement motor was designed in the 

CAD software Autodesk Inventor (Figure 2-3). During the design process, separate models 

were created from a single CAD model using the split function in the software (Figure 2-4, 

components 1 and 2). During the prototyping phase, the model was to be 3D printed, and this 

model that was split was then imported into the Prusa slicing software, where an error was 

encountered.  

Using the auto-repair feature was not helpful as the sliced model also turned out to be incorrect. 

The problem in this model was that the imported component was not “closed” or “watertight” 

due to the splitting surface in the original CAD model. The problem was solved by importing 

a solid model where the splitting function was removed. 

 

Figure 2-3 - 3/4 section view of UiS Drillbotics PDM 2022 
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Figure 2-4 – Split model with two components (1 and 2), UiS Drillbotics PDM 2022 

 

Figure 2-5 – PDM Slicing errors, UiS Drillbotics PDM 2022 

In the case of medical images, the CAD file is reconstructed from the segmentation process. If 

the segmentation process is not conducted correctly or if the post-processing in terms of mesh 

smoothening and repairing is not conducted correctly, this could lead to errors created during 

slicing and, in turn, inaccuracies while 3D printing. 

File Format 

The solid model can be in many different file formats, most of which are unique to a particular 

brand/franchise of commercial software or open-source software. E.g. for Autodesk Inventor, 

it is “.ipt,” for Solidworks, it is “.sldpart,” and for FreeCAD, it is “.FCADstd”. 

The most common type of file format that 3D models are converted to for 3D printing is STL 

(Standard Tessellation Language or Standard Triangle Language). It has been the de facto 

standard for AM and 3DP for over two decades [6, 7]. All solid modelling software allows for 

the export of local solid models to STL file format. Additional options are also available in 

CAD software such as Autodesk Inventor and Solidworks, such as ASCII or binary format, 
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resolution, normal deviation, maximum edge length, and aspect ratio. Other file formats that 

can be used for slicing are OBJ, AMF, and 3MF. A brief description of these file formats is 

given below:   

• OBJ (Wavefront file format) files to store information just like STL with vertices and 

edges but use polygonal faces together with texture information 

• AMF (Additive Manufacturing File) makes use of curved triangles to store geometric 

information  

• 3MF (3D Manufacturing formats) stores 3D model information such as 3D textures, 

licensing, and signature information 

2.2.2 Slicing 

3D printers function from numerically controlled apparatuses and require information in a 

format that the 3D printers’ processor can read to print the component. The language used by 

most standard 3D printers is in GCODE, although some machines use X3G language. X3G is 

also a 3D printer file used by some desktop printers. The main difference is that GCODE is 

text-based while X3G is binary.  

The CAD model contains a component's geometrical, material, and texture information and 

cannot be directly imported into slicing software to generate GCODE. They have to be 

converted to 3D printable file format so the CAD model can be sliced. As mentioned earlier, 

the STL file format is the standard file format. STL (ASCII or Binary) files to store information 

in the form of normal vectors, and vertices make triangular faces. In Figure 2-6, the general 

format of the information in an STL file is shown together with an example. STL files do not 

contain information about colours and textures.  
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Figure 2-6 - STL file example (ASCII) 

There are several software platforms available (both commercial and open-source) that can 

convert CAD models to a file format that can be read by the processor of a 3D printer. The 

most common open-source slicers are Cura, Slic3r, Prusaslicer, and Octoprint. 

Since 3D printing is conducted by adding material layer by layer, the CAD model needs to be 

sliced, the projected profile needs to be extracted, and motion commands need to be generated 

so the printer can create the layers. By studying open-source platforms like Pruslicer [8] and 

Slic3r [9], the algorithm used to create each layer can be deduced. The process of slicing is 

given hereafter. 

The STL file is read to extract the information about each vertex, and this information is stored 

in different matrices. The maximum height and minimum base locations are determined from 

the Z coordinates. Thereafter the slicing is done by adding the layer thickness input by the end-

user. 
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• The slicing plane position is given by the equation: 𝑍𝑍𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑍𝑍𝑚𝑚𝑚𝑚𝑚𝑚𝑆𝑆𝑆𝑆𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 +

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠. 

• The individual face maximum and minimum z-coordinate values are assessed, i.e.: 

𝑍𝑍𝑆𝑆 ≤ 𝑍𝑍𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ≤ 𝑍𝑍𝑏𝑏 or 𝑍𝑍𝑏𝑏 ≤ 𝑍𝑍𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ≤ 𝑍𝑍𝑆𝑆 or 𝑍𝑍𝑆𝑆 ≤ 𝑍𝑍𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ≤ 𝑍𝑍𝑆𝑆 

• Once one of the above conditions is fulfilled, the intersecting line can be determined 

via linear interpolation between the intersecting plane and the intersecting edges of the 

facet. 

• The interpolation is based on the orientation of the triangle. E.g., the Prusa slicer 

determines the orientation of the facet edge based on the vertices. W.r.t to the slicing 

plane [10]: 

o The intersecting planes cut two edges 

o One vertex is above the slicing plane while the other two are in-line 

o One vertex is below the slicing plane while the other two are in-line 

o One edge is shared by two triangles, and each has a point either above, below, 

or in line with the cutting plane 

o All three vertices are in-line with the plane 

 

Figure 2-7 - Single facet and slicing plane 

A set of intersecting lines are collected using the abovementioned procedure. At this point, 

there is a general outline of the profile. These lines are then connected to create polygons that 

become the profile to be printed. This procedure is highlighted in the Slic3r documentation 

available online [11]. A visualization of this process is shown in Figure 2-8. Once the polygons 
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are created, they are then converted to GCODE or X3G file format. Thus, the polygons (as can 

be seen in Figure 2-8) will be used to create the motion path for the printer.  

 

Figure 2-8 - Visualisation of the slicing process 

An example of the GCODE that is generated for 3D printing purposes is given in Figure 2-9. 

Most lines of the code contain code about the motion of the printer tool, i.e., speed and position. 

For a 3D printer specifically, the code will contain information such as: 

• Heating and cooling of the nozzle and print bed 

• The setting of nozzle and print bed temperatures 

• Auto levelling 

• Melting of some plastic before printing (cleaning) 
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Figure 2-9 - GCODE example 

2.3. Medical Applications of AM and 3DP 

The applications of AM are quite vast. The applications of AM technologies in the field of 

aerospace [12],  automotive [13], construction [14], supply chain [15], food [16], electronics 

[17], and many other fields [18–21]  engineering is quite readily available in various literature. 

It is interesting to note that if one searches the database google scholar with key words “3D 

printing applications” or “additive manufacturing applications,” the number of works of 

literature that surface related to the applications of AM and 3DP in the medical industry is quite 

broad. With the aid of CT, MRI, and other scanners, medical practitioners have 3D information 

of an anatomical part at their disposal. The conversion of this information to a physical object 

via 3DP has led to many possibilities in terms of research and applications. 

Historically speaking, 3DP has its roots in photo sculptures in the 1860s. SLA is similar to the 

1950s technology known as “Photo glyph recording” [4]. In terms of milestones and key 

events, the medical industry's historical developments of 3DP and AM technologies have been 

compiled by Nesic et al. [22]. A summary of this development is as follows:  
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• 1984: Invention of SLA 3DP 

• 1986: Invention of Selective Laser Sintering (SLS) 

• 1988: First commercial SLA 3D printer and bioprinting (micro-positioning of 2 

cells) 

• 1989: Fused deposition modelling patent 

• 1999: Very first 3D printed organ (bladder) 

• 2000: First commercial extrusion-based bioprinter 

• 2002: Very first early-stage kidney prototype was bioprinted  

• 2003: First inkjet bioprinter  

• 2005: Open-source initiative RepRap to build a 3DP 

• 2007: SLS printer becomes available (metal and plastic) 

• 2008: 3D printing of prosthetic leg 

• 2009: 3D printing of blood vessels 

• 2012: 3D printing of jaw 

• 2014: 3D printing of human liver tissue was also the first desk-top bioprinter 

• 2015: First implanted 3D-printed bioresorbable scaffold for periodontal repair  

• 2018: 3D printing of full human tissue (skin) model  

• 2019: 3D printing of heart that contracts that contain blood vessels 3D-printed lung 

air-sac with surrounding blood vessels 

• 2020: 3D printer for personalized medicine M3DIMAKER (FabRx) 

Applications of AM technology and 3DP span across various medical sectors, including 

medical devices, teaching and education, training and simulation, research and preoperative 

planning, and bio-printing organ replacements. The aspect that works well between AM and 

medical applications is that medical models are organic in shape, and AM technology allows 

the fabrication of these models with much more convenience compared to conventional 

manufacturing methods [23]. 

The applications of AM technologies in the medical field are within dentistry [24–27], tissue 

organs and tissue models [28–30], medical devices [31–34], anatomical models [35–37], and 

pharmaceutical applications [38–40] and others [41–44]. The process of 3D printing medical 

and physical models is shown in Figure 2-10 [44–47].  
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Figure 2-10 - Workflow for creating 3D models from DICOM images 

A literature review was conducted to better understand the applications of AM in the medical 

industry, determine the current research applications and trends, and highlight the challenges 

encountered with the implementation of AM technology and 3D printing in the medical sector. 

The medical fields of interest are neurosurgery, cardiovascular, dentistry, tissue organs, 

medical devices, anatomical models, and pharmaceutical applications. 

The Scopus database was used to explore the most recent research material on the specific 

topics by searching with keywords “additive manufacturing,” “3D printing”, and the respective 

medical field, which are: 

• Tissue engineering 

• Pharmaceutical 

• Neurosurgery 

• Medical Devices 

• Implants 

• Dentistry 

• Cardiology 

• Anatomical Models 

Additional filters were added to gain open access to journal articles that were published from 

2021 to date in English. The number of articles mentioned below has been filtered in this 

manner and by further filtering articles pertinent to that medical sector. The number of 

publications for each medical sector for the chosen period of 2021-2022 is shown in Figure 

2-11. The global distribution of research articles published in tissue engineering and medical 

implants based on AM is presented in Figure 2-12 and Figure 2-13. In Table 2-1, some 

applications have been highlighted together with the various software platforms for CAD and 

the material that was used for printing. 

Image Data 
Acquistion

Image Data 
Post-processing

Transformation 
to STL 3D Printing
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Figure 2-11 - AM and 3DP Research within Medical Sector (2021-2022) 

 

Figure 2-12 - Implants through AM/3DP research by countries (2021-2022) 
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Figure 2-13 - AM/3DP in tissue engineering research by countries (2021-2022) 

Figure 2-12 and Figure 2-13 portray the global distribution of areas that have publications in 

the fields of medical implants and tissue engineering, and AM applications. Countries like the 

USA and China have the highest number of publications in this regard.  
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Table 2-1 - Various medical applications of AM 

Medical 
Application DICOM to STL 

Image 
acquisition CAD Software 

AM Technology 
/ 3DP Method 

Printing 
Material Reference 

Surgical 
Planning and 
Anatomy 
teaching 

N/A 

Portable 3D 
scanner 
(Creaform 3D 
GO Scan) 

VXElements, 
Geomagic Inc FDM ABS with resin 

support [48] 

D2P Software CT scanning Geomagic Inc Color jet printing Gypsum [49] 

Invesalius CT scanning Mashmixer, 
Magics SLS Polyamide [50] 

N/A Echocardiograph
ic imaging N/A FDM PLA [51] 

Implants N/A N/A N/A LMD Ti-Al-xNb 
Ternary Alloy [52] 

Medical Device 

N/A Intraoral 3D 
digital scanner Meshmixer 

3D 
stereolithography 
printer 

Dental LT Clear 
Resin 
Denture Teeth 
Resin 

[53] 

N/A Intraoral 3D 
digital scanner 

Geomagics 
control 

digital light 
processing 
3D printer 

Polymethyl 
methacralyate [54] 

 Intraoral 3D 
digital scanner 

Model Builder 
software 

Polyjet 
technology Ceramic [55] 

 Intraoral 3D 
digital scanner Zbrush Polyjet 

technology 
Polymer 
material, silicone [56] 

 Intraoral 3D 
digital scanner 

Inlab, 
Meshmixer, 
TinkerCAD 

Independent 
Dual extrusion 

Polyethylene 
terephthalate 
glycol (PETG), 
thermoplastic 
filament 

[57] 
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 Scan 500 device 
(Interscience) ExoCad Gateway 

Digital light 
processing 
printing 
technology 
(DLP) 
Stereolithograph
y printing 
technology 
(SLA) 

Liquid, light-
curing 
(meth)acrylate-
based 
onecomponent 
material 
Dimethacrylate-
based resins with 
photo-initiator, 
and pigments 
(Meth)acrylated 
oligomers, 
(meth)acrylated 
monomers, 
photo-initiator 

[58] 
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2.4. Medical Model Accuracy 

A significant challenge with medical 3D printing is the dimensional accuracy of the 3D printed 

models. When it comes to complex surgeries, creating accurate medical models from DICOM images 

is a useful technique for surgery planning[59, 60]. The inaccuracy of anatomical models used for 

surgical purposes, teaching, and implants has been reported in different works of literature [46, 61–

67]. Besides the deviation of a 3DP model due to shrinkage and different 3DP methods, other steps 

in the model acquisition processes can lead to inaccuracies in the model [45, 46]. An overview of 

some studies that reported 3D printed models as accurate and inaccurate has been presented in Table 

2-3. Some of the methods employed to conduct the analyses will be presented in Table 2-2. 

Table 2-2 - Methods employed for accuracy assessments 

Image 
Acquisition 

DICOM  
to STL 

3DP 
Technology 

Deviation 
Measurement Method 

Deviation 
Analysis 
software 

Reference 

CT OsiriX 
Materialise SLM Contact and Non-

contact 3D scanning GOM Inspect [62] 

CT OsiriX FDM Physical measurements 
using digital calipers 

N/A [68] 

CT 3D Slicer N/A CT Meshlab [69] 

CT/MRI Mimics VP Calipers and 
Micrometers 

N/A [70] 

CT Synapse3D FDM CT Scanning N/A [71] 

Cone Beam 
CT 

Mango 
3D Slicer 
STL Model 
Creator 

ColorJet 
Printing 
(CJP) 

3D Scanning GOM Inspect [45] 

CT OsiriX FDM Electronic caliper N/A [66] 
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Table 2-3 - Research articles studying the accuracy of 3DP medical models 

Objective Method Results Conclusion and Future Works Reference 

Evaluate the accuracy of 3D 
models across different 
pathologies to understand spatial 
relationships and safe pre-
surgical planning 

3D printing of 7 medical models 
across different pathologies in 
VP, with different resins. 
Compare models with their 
original CT and MRI DICOMs 

All models showed a deviation 
of less than 1mm dimensional 
error 

In the case where a dimensional 
error of less than 1mm is 
acceptable, 3D printing models 
can be utilized for presurgical 
planning and other clinical uses. 
For much higher accuracy 
requirements, further research 
must be conducted for 
improvement. 

[70] 

Determine the accuracy of 
femoral head models created by 
3D printing 

RE using CT scanning of 
cadaveric femur bones. 3D 
printed femur models and 
thereafter measuring the organic 
bone, and 3D printed bone using 
digital vernier callipers 

The deviation of the femur 3D 
printed model ranges between -
0.22mm and 0.099mm. 

3D printed models are accurate 
in comparison to their bony 
cadaveric counterparts and can 
be used for surgical planning 
and other medical applications  

[68] 

To compare the accuracy of 3D 
printed medical models for 
Robot-Assisted Partial 
Nephrectomy 

Scan of previously printed 
medical models with the CT 
scan of the corresponding model 

14 out of the 16 models that 
were scanned were considered to 
be valid, i.e., within acceptable 
ranges of accuracy 

3D printed models are 
anatomically correct and can 
assist in Robot-Assisted Partial 
Nephrectomy. The reliability of 
surgical assistance from 3D 

[71] 
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printed models needs to be 
evaluated 

Accuracy of consumer-grade 
FDM printers vs. industrial SLS 
pinner 

CT images of a dry skull were 
obtained and 3D printed on an 
FDM and SLS printer with 100, 
250, and 500-micrometer layers 

The SLS printer produced 
slightly more accurate models 
(0.3% deviation) than FDM 
(0.44%, 0.52%, 1.1% 
deviations) 

Consumer-grade FDM models 
were concluded to be 
sufficiently accurate for 
maxillofacial surgery planning 

[66] 

Demonstrate the inaccuracies 
caused by DICOM to STL 
conversion 

Obtain STL files of converted 
skull DICOM images from three 
different institutes. 3DP models 
and scan them for dimensional 
analysis using CAD 

Significant variations in the 3DP 
model vs. the original DICOM 
image. 

Research is to be conducted on 
developing methods for 
converting DICOM data to a 
suitable CAD/CAM format for 
maximum accuracy. Testing of 
methods of printing to determine 
the most accurate. 

[45] 

Compare the errors obtained 
from a reference model to a 
model obtained from varying 
parameters during the building 
steps. 

3DP print medical model as a 
base model. Thereafter vary 
parameters in the model building 
steps and print models for 
comparison with the base model. 

Standard building processes tend 
to overestimate the size of the 
model. High curvature areas 
display the greatest number of 
errors. 

Modification of the standard 
building process, particularly 
segmentation algorithms. 

[63] 

Determine the impact of manual 
and automatic thresholding 

Obtain images from cadaver 
heads and STL models of the 
bony structure in the head with 

Manual thresholding results in 
better STL models than default 
thresholding. 

Development of new approaches 
based on pattern recognition and 
machine learning 

 [65] 
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manual and automatic 
thresholding 

Determine the errors obtained 
from a referee model to a model 
obtained from varying 
parameters in all building steps, 
such as CT protocols and 
thresholding values. Also, 
determine errors caused by 3D 
printing when using an end- 
implant 

Use of pig head to create a 
reference model and 
subsequently print models with 
varying thresholds and CT 
photos for comparison. CAD 
software was used to determine 
the error. The implant was 3D 
printed to determine printing 
errors 

CT scanning, 3D modelling, and 
AM errors were determined in 
the bony structure and the 
implant that was printed 

The use of AM in a clinical 
setting requires precise tools in 
the entire process chain for 
accurately creating patient-
specific anatomic geometries. 
Focusing on each step in the 
process allows for quality 
control and assurance protocol 
that may prevent treatment or 
restoration 

[62] 

Determine the accuracy of 3DP 
liver models. 

3DP liver models from CT 
images. Thereafter CT scans the 
printed models and conducts 
dimensional analysis 

The most significant deviation 
was 1.92mm. However, the 
median deviation was less than 
the CT slice height 

Further work is to be done on 
the impact of pre-surgical 
planning based on 3DP medical 
models. 

[69] 
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The data in Figure 2-11 shows that in the past year or so, there has been quite a significant amount of 

research regarding AM and 3DP applications in the medical sector, especially within tissue 

engineering and medical implants. In addition, Figure 2-12 and Figure 2-13 show the global 

distribution in research within tissue engineering and medical implants. Countries such as China, the 

USA, Germany, the UK, and Italy have a higher number of publications. In terms of numbers, this is 

also the case for the other medical applications of AM and 3DP. 

This information in Table 2-1 shows the variety of AM technologies and the various materials that 

have been implemented in different medical applications. An interesting observation that can be made 

from the information presented here is that the image acquisition process is not always from medical 

imaging (such as from CT/MRI scans). For clinical studies, the use of 3D scanners is also quite 

prominent. The use of 3D scanners for medical applications will be discussed in the next chapter.  

It can also be observed that commercial software is not the only option for clinical studies and 

opensource software is quite popular. This applies to CAD software such as TinkerCAD and 

segmentation software such as 3D slicer, and mesh analysis software such as MeshLab. 

The information extracted from the literature and presented in Table 2-2 provides a good overview 

of the resources used to conduct accurate assessments. The deduction from this information is that 

the deviation analysis can be conducted using contact or non-contact and comparing physical or 

digital models. The general trend is to have a reference model created from the original acquisition 

process and compare it with the 3D printed model, either physically or by creating a digital model of 

the 3D printed model.  
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CHAPTER 3:  REVERSE ENGINEERING IN MEDICAL 
APPLICATIONS  

This chapter discusses the process of RE and 3D scanning technologies. The purpose is to highlight 

these processes as they are essential aspects of the methods implemented during the experimental 

work. Thereafter 3D scanning technologies, medical imaging, and medical applications of RE 

gathered from various literature are presented. One of the medical applications of RE was found to 

be RE for solid modelling. The solid modelling process of a human femur is demonstrated in the last 

subsection. 

3.1. Reverse Engineering  
Analyzing products to obtain their design information is the reverse engineering process [72–74]. It 

is the opposite of the traditional forward engineering process, where one starts from a logical design 

process to create a product. The applications of RE are across various industries such as software, 

aerospace, defence systems, medical, consumer electronics, automotive, sports equipment, toys, and 

jewellery [72, 75]. Software reverse engineering spans a range of applications, including embedded 

systems [76], development and maintenance of user interface software [77], progress and upkeeping 

of large software systems and modernization of legacy software [78], extraction of platform-

independent models [79] and analysis of peer-to-peer protocols [80]. 

Contrary to the design process that focuses on creativity and originality, the RE process focuses on 

analysis and assessment to reinvent a product. Figure 3-1 describes the main differences between the 

traditional engineering design process and the RE process in the context of manufacturing processes. 

In the context of software, e.g., it could be extracting source code from an executable file. When it 

comes to physical objects, RE is the digitization of physical products, i.e., obtaining a 3D surface 

geometry model to convert them to a CAD model.  

 

GUIsurfer:#_CTVL001fb73a79dad614760be0fbe41954901c6
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Figure 3-1 - RE vs. Traditional Design Process 

Recent applications of RE within product design and spare parts are as follows: 

• Product design: 

o New design – especially when product development starts from a physical prototype 

[75]. 

o Modifications – in an iterative design process, modified products often lack CAD 

information [75]. 

o Verification/Quality control – to determine deviations of a design and comparison 

with the original CAD model. [81] 

• Spare parts: 

o Duplication or production of original equipment manufacturer (OEM) parts [75]. 

o Reparation or modifications where there is no original design data [72, 73]. 

o Model generation of an existing part with no CAD information due to various reasons 

[72, 73].   
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3.2. 3D scanning technologies 

Digitization is possible with 3D scanners to capture a physical object's shape, size, and sometimes 

colour. The first step of RE is to capture the surface or geometric data of an object of interest. The 

captured data is then processed and thereafter converted to a 3D model, essentially creating a digital 

copy. Having a digital copy allows for further modelling. The process is quite standard and is 

displayed in Figure 3-2. Modern The data generated from modern-day scanners is compatible with 

software for designing and analysis. A general classification of 3D scanning techniques was compiled 

by Bidanda et al. [75] and Fernandes et al. [73]. A summary of this classification can be seen in Figure 

3-3.  

 

Figure 3-2 - Reverse Engineering Process 

In all scanning tools, a physical mechanism is always utilized for scanning. However, scanning 

technologies can be broadly described based on whether there is physical contact with the object of 

interest or not [72]. In this regard, scanners can be either contact, non-contact or hybrid technology.  

Contact methods make use of a physical probe to move along the surface of an object to capture the 

details. These could be either manual measurement, coordinate measuring machines (CMM), or 

Numerical Control (NC)-based machines. However, these techniques are more time-consuming and 

meant for objects with simple geometric shapes [75, 81]. Moreover, the probes must maintain a 

certain contact pressure to accommodate very soft materials and tactile features [73, 82]. The sensing 

of a contact probe can be either point-to-point or analogous (continuous).  

Non-contact methods do not make any physical contact but rather use projecting energy sources such 

as light, laser, sound, magnetic fields or X-rays [72, 73, 75]. Regarding larger, more complex parts 

with various curvatures and free-form shapes, non-contact scanners are the preferred method. The 

3D scanning
• The acquisition of data i.e., 

collecting geometric 
information

Preprocessing
• Processing the point cloud

• Aligning multiple scans

Surface Reconstruction
• NURBS
• Polygon

CAD Model
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surface information is determined by capturing the return of this emitted energy (either transmitted 

or reflected). 

 

 

Figure 3-3 - 3D scanning classification [73, 75] 

An object must usually be prepared such that it can be scanned. Preparation can be either the mounting 

or the surface finish, e.g., making use of scanning sprays that are white and are temporary. It is 

important to choose an appropriate scanning method or technique. This ensures that all features of an 

object, e.g., holes, slots, pockets, and steps, are captured.  

The first step, as seen in Figure 3-2, is the 3D scanning phase. A 3D scanner is utilized to scan an 

object of interest using an appropriate technique. The data transferred to the relevant software is a 

point cloud. In other words, the digitization process approximates the object of interest by using 

discrete points. These are key references of the geometry which will be utilized to define the geometry 

of the surface. 

3D scanners employ different techniques to capture surface details from objects. The techniques differ 

between active systems and passive systems. The main difference between these systems is that active 

systems project energy and measure the transmitted or reflected energy to determine the geometry, 

while passive systems analyse images of the geometry. The physical principles underlying these 

systems are as follows [73, 83]: 

• Active Systems: 
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o Triangulation 

o Time-of-flight or laser pulse 

o Interferometry 

• Passive Systems: 

o Shape-from-shading 

o Shape-from-motion 

o Passive stereo 

3D scanning in healthcare 

The evolution of technology and the integration of digital solutions has transformed diagnostic and 

treatment planning methods. The use of 3D scanners, e.g., in the field of dentistry, is somewhat 

revolutionary. This is because 3D scanners are advantageous compared to conventional methods in 

obtaining oral impressions, e.g., plaster models have several disadvantages [84]. Figure 3-4 displays 

the change 3D scanning technologies have created in the workflow within orthodontics. 

3D scanning has changed record-keeping, cast model acquisition and storage, and other applications 

such as custom retainers and even surgery simulation. All this has been made possible using extra- 

and intra-oral scanners [85].  Non-contact 3D scanning (laser) has also been proposed as a viable 

alternative to CT scanning for accurate evaluations of implant surgery to reduce radiation exposure 

post-surgery when using a CT scanner [86]. A good overview of the advantages and 3D scanning 

technologies can be found in the work conducted by Taneva et al. [84]. 

 

Figure 3-4 - a) Traditional Workflow vs. b) Digital Workflow for dental applications 
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In the field of anatomy teaching, the use of 3D scanning (together with AM technology) has given 

rise to innovative solutions for visualizing anatomical structures. Di-Donato et al. [48] highlighted 

the use of 3D scanning tools where digital models of the tongue of the domestic animals were 3D 

scanned and used in conjunction with practical classes for teaching purposes. 

Soodmand et al. [87] conducted an interlaboratory study to compare scanning methods as part of 

medical image reconstruction. Medical image reconstruction using CT scanning and optical scanning 

was compared, and the reference model was created using 3D scanning. The results show that the 

deviation between the CT scanned model and the 3D scanned model is not significant. 

3.3. Medical Imaging 

Medical imaging, as seen in Figure 3-3, is an active system of scanning. Medical practitioners can 

create images of both the internal and external parts of the body for diagnostic or treatment purposes. 

The process is known as medical imaging and is a non-invasive procedure to get information about 

an injury or disease. For quantitative and qualitative assessments, medical images provide 

information regarding a particular diagnosis and its severity. A medical practitioner conducts the 

procedure with adequate training.  

Analysis of these images enables medical practitioners to solve clinical problems. The most 

prominent imaging techniques have been displayed in Figure 3-5. The information obtained from 

these is known as Data Imaging and Communications in Medicine (DICOM) images.  
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Figure 3-5 - Medical Imaging Modalities 

Several works of literature have provided details of the medical imaging modalities[88–90]. An 

overview of some of them is mentioned below: 

• Radiography – the use of X-rays to obtain planar 2D images of anatomical parts. Most 

applications of this technology involve the analysis of fractures and changes in the skeletal 

system [88, 89]. Radiography can be either fluoroscopy or projectional radiography [91]. 

Despite being low cost and widely available, the quality of radiography images has been 

claimed to be poorer than the quality of images produced by CT and MRI [69]. 

• Computed Tomography (CT) – uses X-rays to obtain 3D images of anatomical parts. 

Generally made possible with the use of multiple X-ray sources and detectors to obtain a 

3D cross-sectional view of the body [88, 89].  

• Magnetic Resonance Imaging (MRI) – based on the principle of nuclear magnetic 

resonance, this method is used for morphological imaging (e.g., soft tissue) and functional 

imaging (e.g., blood flow) [88, 89]. In contrast to CT, MRI radiation is non-ionizing [91]. 

• Ultrasonography – the use of ultrasound (acoustic waves greater than 20kHz) for the use 

of diagnostic and sometimes therapeutic purposes. For medical applications, the frequency 

range is between 2.5-12Mhz. Compared to the above procedures, the use of ultrasound 

means a lack of ionization radiation (which means there will be no biological damage), 

and it is cheaper than CT and MRI. In addition, this process allows for real-time imaging 

[91]. 

• Elastography – Mapping the strain and elasticity of tissue for diagnostic purposes. The 

notion is that hard or stiffer tissue will be unhealthy [91].  

• Optical Imaging – the working principle is similar to ultrasound but uses light instead of 

sound. Applications include retinal imaging, cardiovascular imaging, gastrointestinal 

imaging, and dermatology [88].  

3.4. Medical applications of reverse engineering 

The human body is a complex piece of engineering. As mentioned previously, RE can be seen as a 

tool for acquiring knowledge when data are deficient for an object. In this regard, the human body is 

also a mechanism by which components (i.e., body parts, organs, etc.) can be reinvented through RE 

to be studied where there is a lack of “design data,” and RE can be a great tool for understanding it.  
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Medical imaging is applicable for obtaining 3D information on internal body parts, and for external 

scanning parts, 3D scanners are applicable. These technologies allow for capturing data from a 

patient’s body, attached instruments, or models. For medical applications, the process displayed in 

Figure 3-2 can start with a 3D scanning or a medical imaging process if the aim is to get information 

about the internal organs. 3D bio-modelling and imaging applications can vary from the fabrication 

of implants, saw guides, and drill patient-specific guides to patient-specific preoperative 3D medical 

imaging data [45, 92]. 

A bibliometric analysis conducted by Haleem et al. [93] displays the increasing trend of researching 

3D scanning applications in the medical field. Some of the key findings from this study are as follows: 

• 3D scanning is highly compatible with 3D printing and is an excellent support technology for 

medical applications 

• 3D scanning provides information on the upper surface of the human body, while medical 

imaging provides information on the interior layers of the body [93]. 

• 3D scanning technologies are applicable across all medical fields 

• With basic training, 3D scanning tools are reliable and especially helpful with carrying patient 

information electronically rather than physically (e.g., moulds). 

• 3D scanning is a viable alternative to the laborious task of using a plaster cast for applications 

within, e.g., orthosis, prosthesis, and dental applications [94]. 

The research mentioned above was motivated by the need to get information for using 3D scanners 

for external or outer body parts. From a general perspective, the common uses of RE within the 

medical field include medical implants, attaining information regarding the patients' external features 

(shape, size, surface area, or individual body part), and digital models for making use in Virtual 

Reality and Holographic applications [93]. The availability of a 3D scanner and the process software 

makes the production of, e.g., implants a rapid process.  

A process often associated with RE is AM. There are various applications of RE, especially when 

combined with AM technologies [75, 81, 95]. The following sections highlight RE applications 

within dentistry, tissue engineering, and medical devices. 
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3.4.1 Dentistry 

It is common even for a routine check-up to make use of intra-oral scanners at the dentist. It seems 

that having 3D scanners and 3D printers at a dentist is relatively standard. Although in the most 

common routine check-ups, the intra-oral x-ray scanner is used to determine the extent of a damaged 

tooth. However, the use of RE and 3D scanners span different dentistry sections, such as 

prosthodontics, oral and maxillofacial surgery, oral implantology, and orthodontics.  

3D scanners assist in obtaining surface information for dental preparations. These could be either in 

vivo or in vitro. The scanned information is then used for either restorations or implants. Recent 

applications of RE within dentistry have been within dental implants [96, 97], medical devices [98], 

dental restorations [99], and FEM on dental implants [100].  

In traditional processes, dental impressions have been taken through plaster models. However, using 

3D scanners has made it possible to acquire digital impressions. It has also been seen that there is no 

significant difference, and the digital model has acceptable levels of dimensional accuracy and 

likeliness as the plaster model [101]. Other dental devices include the fabrication of dental prostheses, 

implants, and surgical guides using RE [102–104]. 

RE has been implemented as a new method to compare medical models obtained from different 3D 

scanning techniques. One study conducted by Ausiello et al.[105] displayed this process. The 3D 

model of simulated human teeth was first scanned using Cone Beam Computed Tomography 

(CBCT). The same 3D model was then laser scanned. The laser-scanned model was used to compare 

the model obtained via CBCT. Another study conducted with a similar purpose was conducted by 

Zhou et al. [106], where the analysis and measurement of dental casts were conducted, and 3D 

scanning was tested as an alternative to gypsum casts. Similar studies were done by Carneiro Pereira 

et al. and Liu et al. [107, 108], where the viability of digital casts and the angles and distance between 

dental implants were studied. These studies demonstrate using non-contact laser 3D scanning as a 

viable alternative to CT scanning for dimensional verification. 

RE has also been implemented for analysis within dentistry. Martorelli et al. [109] used 3D models 

of the human mandible, which were created using the process of RE. The motivation is to recreate 

3D models that have the same or somewhat similar mechanical properties to the human mandible. 

The 3D model was then subjected to experimentation with appropriate loading conditions in the 

validation process to determine the load-displacement relationship. In essence, RE was utilized here 
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to determine the design information of the human mandible in both the surface layout and the strength. 

There are other studies conducted with the same purpose, i.e., FEA analysis and fatigue analysis  [110, 

111]. These studies demonstrate using non-contact laser 3D scanning as an option to obtain 

geometrical information for analysis purposes. 

The advancement of material technology has given rise to the use of composite materials in dental 

devices. RE has allowed for the analysis of these composite materials. This can be seen in the work 

conducted by Ilie [112], where it was suggested that RE is a viable method for designing in the future 

by analyzing already clinically tested materials. In the case of this study, the materials analyzed were 

resin-based composites. 

Together with CAD tools, RE tools allow for kinematic analysis and virtual design in dentistry. In 

particular, this allows for having a virtual articulator. Having a virtual articulator reduces the need for 

a physical articulator, which is mechanical, while still enabling practitioners to simulate real patient 

data and conduct analysis [113, 114]. 

3.4.2 Tissue Engineering 

A solution to address problems related to tissue repair and organ replacement in the regenerative 

medicine field is tissue engineering. 3D cellular structures (also known as scaffolds) provide an 

effective platform for new tissue development, mainly by providing mechanical support during the 

development phase [115, 116]. The structural makeup of scaffolds is quite complex. In this regard, 

RE has a huge role to play as structural information for modeling purposes can be extracted using 

scanning methods. In the work conducted by Pina et al. [117], there is mention of the different 

strategies that could be applied to develop scaffold designs for tissue engineering and regenerative 

medicine for different organs and tissues. The article highlights the various implementations of 3D 

scanning and RE for 3D printing hydrogel scaffolds. 

In their work, Wang et al. [116]  discuss the distinction between parametric design and generating 

vascular scaffold models using the process of RE. The route of parametric design without the use of 

AI and machine learning is said to be almost impossible due to the complex nature of vascular 

scaffolds. However, for batch processing of models that are quite similar, the use of parametric design 

together with AI and machine learning is said to be relevant.  
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The use of reverse-engineered models is relevant for patient-specific vascular scaffolds and is not 

generally used for extensive quantity modeling where there is structural similarity. The workflow of 

3D model reconstruction of these models is as described in Figure 2-10, where the DICOM images 

are obtained from either MRI or CT images. The general conclusion is that parametric design is 

quicker while RE models are more personalized and provide high anatomical compatibility [116]. 

The process of RE has also been implemented in bone tissue engineering [118, 119]. Again, the 

usefulness of RE is within the design and fabrication of scaffolds, in this case, bone tissue scaffolds. 

Once CT information of a bone is obtained, it is then transferred to CAD software to conduct the 

design and analysis. One such example is as mentioned by Yao et al. [120], where animal spinal 

specimens were used to investigate design and construction techniques using the RE process. Another 

application in this regard was demonstrated by Fucile et al. [121], where RE was adopted to develop 

nanocomposite structures. In the work done by Wang et al.[122] the RE process was implemented 

for bone tissue engineering, and eventually, the models were imported for computational fluid 

dynamics (CFD) to determine the flow field around a cell.  

3.4.3 Medical Devices 

Asmaria et al.[123], discussed how the implementation of RE can be a national strategy to overcome 

a nation's debt, especially when most of the debt is caused by the imports of medical devices. The 

study was conducted in Indonesia, where an aneurysm clip (a high-demand medical tool in Indonesia) 

was reverse-engineered from design to biomechanical simulation. Also, in South Africa, where there 

are several resource constraints, there have been efforts to implement RE as a substitute for importing 

expensive medical equipment [124].  

Recently the application of RE during the COVID 19 pandemic has been quite relevant. With soaring 

demands for personal protective equipment (PPE) and ventilators, and other critical medical devices, 

supply chains started to collapse. RE posed as a solution to these shortages, and there have been many 

reported cases of developing equipment in-house in hospitals to meet the high demand [125–128].  

These applications are more related to supply chain processes, however, they still show the relevance 

of RE in the medical context. It can be said that the process of RE has both direct and indirect 

applications within the medical industry. 
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Surgical guides are significant tools used in dental treatments as they improve many aspects of the 

surgical process [60]. These devices are designed and fabricated from a CAD model created using 

intra-oral 3D scanners. 3D scanning is used to gain intra-oral surface information. RE has been used 

to determine the accuracy of the surgical guide, again with the aid of 3D scanning. One such case is 

the work done by Giordano et al. [86], where the process of RE was used to evaluate the accuracy of 

surgery guides in dental implants. In this regard, RE is a valuable tool in accuracy evaluation or 

quality control. Other applications of RE to determine the accuracy or trueness are mentioned in the 

work done by Liang et al. and Lo Russo et al. [129, 130].  

As mentioned before, one of the possibilities RE provides in the medical sector is developing 

customized healthcare products. This allows for patient-specific implants and prosthetics. In their 

work, Noor et el. [131] demonstrate how a customized bone fracture implant (developed from RE) 

reduces the stress and movement between the fractured bone and the implant in comparison to the 

implant developed from a generic model. Apart from the design and fabrication processes, RE has 

also been used in verification processes. One such case is mentioned by Kloesel et al. [132], where 

the RE process was used to verify the fit of a medical device in a patient. Other applications include 

the use of RE within hand orthotics [133]  and in soles [134]. 

Having gone through the various literature on the applications of RE in the medical sector, these are 

some of the conclusions that can be made: 

• The process of RE has both direct and indirect applications in the medical industry. Direct 

applications that work on patients for surgery, clinical studies and research. Indirect 

applications that support the supply chain processes in the medical industry 

• 3D scanning is an excellent support technology for medical applications 

• 3D scanning is a viable alternative for obtaining impressions within, e.g., orthosis, prosthesis, 

and dental applications  

• The process of RE can be implemented for analyses such as FEA and CFD. 

• RE has a considerable role to play in tissue engineering in developing accurate structural 

models for tissue scaffolds. 

• RE tools allow for kinematic analysis and virtual design 

Some of the typical medical applications of RE are identified, having gone through the various 

literature, and displayed in  Figure 3-6.  
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Figure 3-6 - Medical applications of RE 

3.5. 3D Scanning and Reverse Engineering to Measure Accuracy 

As shown in Figure 3-6, the process of RE together with 3D scanning has been implemented for 

dimensional verification applications. From the literature studied for medical applications of RE, the 

methods employed for accuracy assessment have been extracted and presented in Table 3-1 

Table 3-1 - Methods of applying RE and 3D scanning for accuracy assessment of medical models 

Objective 3D scanning Mesh processing Mesh 
Inspection Reference 

Determine the 
accuracy of medical 
models  

Non-contact 3D 
scanner 
(experiment) 
 
CT (reference) 

Geomagic studio 
 
MeshLab 

Geomagic [87] 

Accuracy of digital 
impressions from 
intraoral scanners 

Intraoral scanners 
 
Non-contact 3D 
scanners  

Geomagic studio GOM Inspect [135] 

Evaluate the 
accuracy of the 
intraoral scanner to 
analyse the 
alignment 

Intraoral scanner 
(experiment) 
 
CT scanning 
(reference) 

N/A GOM Inspect [108] 

Evaluate surface 
curvature vs. 3D 

Industrial Non-
contact 3D 
scanners and 

N/A GOM Inspect [136] 

Medical 
Applications of 

RE

Solid Modelling/ 
Reconstruction

3D printing / 
Rapid 

Prototyping

Virtual Surgery 
planning

Verification / 
Quality control

Generative 
design
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scanning accuracy of 
dental casts 

intraoral 3D 
scanners 

Evaluating 
measurement 
methods of mandible 
model created using 
AM 

Non-contact 3D 
scanners Geomagic GOM Inspect [137] 

Estimate the 
accuracy of 
mandible models 
created by AM 

Non-contact 3D 
scanners 
(Experiment) 
 
CMM (reference) 

N/A 
GOM 
Proffessional [138] 

Creation of an ear 
database for 
biometric 
applications 

Non-contact 3D 
scanner VX Elements MeshLab [139] 

Creation of medical 
models as virtual 
digital resources 

Non-contact 3D 
scanner 

MeshLab CloudCompare [140] 

3.6. Medical Application Of Reverse Engineering For Solid Modeling 

As highlighted in Figure 3-6, solid modelling is a medical application of RE. In this subsection, the 

solid modelling process of a human femur will be conducted. The basis for solid modelling, in this 

case, is an STL file that was obtained from 3D scanning as a reference. Thus, highlighting the medical 

application of the RE process for solid modelling.  

3.6.1 Geometric modelling 

Geometric modelling is commonly used these days with the aid of computational systems, e.g., CAD. 

The geometry of an object can be described via [141]: 

• Wireframe model – shape represented by lines and endpoints 

• Surface model – lines, endpoints, and surface information with a mathematical description 

• Solid model – lines, endpoints, surface, and information about the volume 
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A wireframe model does have any volume or mass information, and that is the main drawback. 

However, wireframe models allow for quick manipulation that can be done easily. Generally, a 

wireframe model is first obtained from mesh data (from 3D scanning) and thereafter developed into 

the surface and solid models. For RE, wireframe models are not suitable since the purpose of RE 

(e.g., 3D scanning) is the digitization of surface information [75]. Some recent applications of 

wireframe models for medical applications are within computer vision [142] and deep learning for 

brain tumour detection [143].   

Surface models contain surface information, unlike wireframe models. They may contain volume 

information if they are closed models.  Otherwise, they provide a visual of the topography of a 

component. In medical applications, a segmentation is first reconstructed into a “water-tight” surface 

model containing some surface area and volume information, then converted to STL file format for 

further analyses. 

A solid model can be used in a CAD system for various purposes, e.g., machining, FEA, etc. For 

medical applications, a solid model can be utilised for various purposes, such as for the design of 

implants and prostheses or quality control, verification, and analysis purposes. This is mainly because 

solid models provide properties such as mass and volume and can be used in mechanical assemblies. 

In the case of either designing or reconstructing medical applications, certain techniques are used to 

account for the missing information. Not due to insufficient scanned data, but due to missing 

information in the case where there are defective organs or bones, etc. One such study is mentioned 

in [144], where current techniques are highlighted for the anatomical reconstruction of defective 

skulls. The techniques mentioned in this study are mirroring, surface interpolation, deformed 

template, and sliced-based reconstruction. In general, for medical applications for designing and 

reconstruction purposes, the techniques that have been mentioned are surface fitting, contour 

skinning, volume polygonization, and implicit-function interpolation [145]. 

3.6.2 Solid modelling using FreeCAD 

There are several avenues to conduct solid modelling using the STL as a reference file. One way is 

by using commercial software such as Autodesk (Inventor and Fusion360) or Geomagic, which have 

functions to convert STL files to solid models, which is one option. Another option is to use the very 

same software to create surfaces using the STL as a reference and convert the surface model to a solid 
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model. Alternatively, to use part design tools to create sections and surfaces based on the STL model 

and then convert that to a solid model.  

A method will be proposed to create or design a solid model of the femur using FreeCAD. The process 

is inspired by the work conducted by Yang et al. [146]. Yang et al. make use of commercial software 

CATIA and initially create a surface model that is then converted to solid.  

The methods proposed in the study in this thesis are different in that different methods, processes and 

resources are used to create a solid model. In this study, FreeCAD is used. FreeCAD is open-source 

software that can be used for parametric 3D modelling, mesh manipulation and repair, FEA tools, 

robot simulation modules, and CAM/CNC workbenches [147]. The method proposed here is direct 

lofting of cross-sections of the mesh and taking advantage of the FreeCAD workbench to convert 

individual lofts to solids. Thereafter using Boolean functions to create a single solid model. The 

procedure will be discussed in detail hereafter. 

Step 1 – Import STL into FreeCAD 

• FreeCAD provides the option of importing STL files for manipulation. There exists an entire 

workbench in FreeCAD to deal with mesh design and repair (Figure 3-7). 

 

Figure 3-7 - Mesh design workbench and imported model in FreeCAD 
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Step 2 – Cross sections of mesh 

• A useful tool in the mesh design workbench is the cross-section tool that creates a polyline 

sketch with the intersection points of the model (Figure 3-8). The options provided are the 

number of sections, their positions, and their tolerance for connectivity. The sketch is made 

up of multiple points that are connected with straight lines (Figure 3-10). So the entire sketch 

is made up of a multitude of just edges and points. 

Using this tool, several sections of the femur model can be, as seen in Figure 3-9. 

 

Figure 3-8 - Cross-section tool 

 

Figure 3-9 - Cross-sections of the femur 
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Figure 3-10 - Polyline sketch 

Step 3 – Creating sketches for lofting 

The next step is to create sketches to loft between these cross-sections in an efficient manner.  

• The polyline sketch can be used for lofting. However, as mentioned, this sketch is made of 

multiple edges and therefore requires more resources to compute the lofting. Conducting 

individual lofts of each section in this manner is also time-consuming. Lofts created by using 

the polyline are shown in Figure 3-11. In the wireframe representation, it can be seen that 

many surfaces have been created to complete the loft. In addition, the interpolation between 

surfaces is incorrect. This is probably the algorithm trying to match each edge to a 

corresponding edge in the following sketch during the loft. This option will be helpful in 

simpler shapes where there is a liberty of reducing the number of points in the curve without 

sacrificing geometrical accuracy (In that case, when lofting, fewer points need to be 

computed).  
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Figure 3-11 - Loft created using polyline (wireframe representation) 

• A possible procedure to overcome this problem will be to convert the polyline sketch to a 

curved closed sketch with a single edge that will allow fewer surfaces to be interpolated when 

lofting. Different options such as Bezier, Cubic Bezier, and NURBS curves will be 

investigated to interpolate the already existing points in these curves. The drafts workbench 

in FreeCAD contains tools for creating the abovementioned curves. 

o Bezier Curves – a Bezier curve is created by using the vertices of a closed polygon 

as a reference [141]. The curve's degree is less than the number of control points used 

to create the curve. The curve only passes through the first and last points of the 

polygon, and the curve follows the tangent of the other sides of the polygon. The initial 

sketch created using the Bezier curve is shown in Figure 3-12. This was created by 

selecting points along with the sketch. It can be seen in the image that the curve does 

not match the profile of the polyline sketch. However, a closed-loop sketch was 

created. 

Thereafter the control points of the Bezier curve were manipulated to try and fit the 

profile of the polyline sketch. This can be seen in Figure 3-13. Even though the 

representation in Figure 3-12 is closer than in Figure 3-13, it does not match the profile 

of the polyline 
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Figure 3-12 - Sketch using Bezier Curve (before adjustments) 

 

Figure 3-13 - Sketch using Bezier Curve (after adjustments) 
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o Cubic Bezier curves – are curves that are of order three and use four control points. 

This tool in FreeCAD can be used to make continuous splines made up of several 

Bezier curbs of degree three. It can be seen in Figure 3-14 that the cubic Bezier curve 

does provide a closer representation of the sketch, but the segments create a very rough 

outline compared to the polyline sketch. This was created by selecting points along 

with the sketch. 

 

Figure 3-14 - Sketch using Cubic Bezier Curve 

o B-spline curves – are an improvement of Bezier curves that use several Bezier curves 

joined end to end [141]. B-spline curves allow for local modifications, and the degree 

of the curve is independent of the number of control points. It can be seen in Figure 

3-15 that the cubic B-spline curve provides a good representation of the sketch, and 

the segments create a good outline and match the polyline sketch. This was created by 

selecting points along with the sketch. 
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Figure 3-15 - Sketch using B-spline curve 

• The abovementioned process is a manual procedure to create sketches. An efficient alternative 

will be to create the curves automatically using the points on the polyline sketch. That is to 

interpolate between the points using the points on the polyline sketch. The curves workbench 

in FreeCAD provide tools to interpolate between points. The options available are to 

interpolate between points using B-Spline curves, approximate points with a NURBS curve, 

or join all edges using B-Spline curves 

o NURBS curve – A non-uniform rational B-spline curve is similar to a non-uniform 

B-spline curve but makes use of additional parameters in the blending function. A 

NURBS curve allows for more versatile modification of a curve than B-spline curves. 

In addition, NURBS curves can represent conic curves exactly, while B-splines only 

provide an approximation [141]. 

The tool provided in FreeCAD, however, creates an approximate NURBS curve using 

the points. This tool may not be completely useful as it requires adjustments such as 

closing the loop and changing the maximum degree of the curve to create a smooth 

closed loop without oscillations. The original curve and the adjustments made 

thereafter are shown in Figure 3-16. 
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Figure 3-16 - Sketch created using NURBS Curve 

o Interpolate using B-splines / Join using B-splines – These two functions differ in 

just two aspects. The interpolation function does not create a closed loop. It requires 

an additional step of setting the parameter “periodic” to “true” to create a closed-loop 

sketch. The join tool does not create a smooth curve. Besides that, the tools can be 

used to create a single closed-loop sketch using all the points from the polyline sketch. 
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Figure 3-17 - Sketch created by joining points using B-Spline Curves 

Once these three steps have been followed, it is possible to create a solid model of the femur. It might 

be convenient, however, to split the mesh during the modelling process, as the entire femur model 

need not be sectioned in the same plane.  

The femur mesh model was split into three regions (Figure 3-18 a). This can be achieved by the trim 

mesh tool that creates a polygon to split a mesh model. Thereafter steps one to three, as mentioned 

above, was implemented. Each mesh section was sectioned and converted to a closed-loop sketch 

using the interpolate using points function (Figure 3-18 b). Once enough interpolation curves were 

obtained, each section was then lofted to create a solid model (Figure 3-18 c)). The entire process can 

be seen in Figure 3-18. 
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Figure 3-18 - Split mesh model of the femur 

The loft function in FreeCAD makes use of B-spline surfaces between the sketches. The interpolation 

is dependent on the number of sketches. For less than ten sketches, the maximum degree is one less 

than the number of sketches, while for more than ten sketches, the interpolation is of degree three. 

Due to this, several solid lofts were created using these profiles and thereafter merged using the union 

tool in FreeCAD. 

A more robust approach will be to conduct Boolean functions to combine each loft. This is a simple 

process in FreeCAD. The first step is to change the solid feature from “false” to “true” in the data tab. 

Each loft can be combined using the Boolean function “union” in the part workbench. 
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CHAPTER 4:  MEDICAL IMAGING, 3D PRINTING, AND 
REVERSE ENGINEERING: COMPATIBILITY STUDY OF HUMAN 
FEMUR BONE 

This chapter describes in detail the methods, processes and resources utilised in this thesis for 3D 

printing and RE purposes. In particular, the methodology implemented in the compatibility study of 

a human femur bone model created using 3D printing will be presented. Furthermore, the 

methodology implemented during the RE process will be presented as well.  

The methodology implemented in this thesis was developed from the information gathered in Table 

2-2 and Table 3-1, which describes the different resources used for accuracy assessment within AM 

and RE medical applications for various anatomical structures. Taking inspiration from this 

information, a unique approach was developed to conduct the experiment in this thesis for analysing 

the femur bone by making use of different non-contact scanning technologies and opensource 

software packages to conduct the deviation analysis.  

To investigate the compatibility of medical images with 3D printing file formats, an accuracy 

assessment will be conducted where the quality of medical image reconstruction. The assessment will 

include qualitative (visual and subjective) and quantitative (numerical and objective) analyses using 

the RE process. 

In the major medical modalities, as seen in the previous section, large volumes of data are produced 

in the form of medical images to visualise the internals of a patient for either diagnostic of treatment 

purposes. As highlighted in the various literature in the previous section, there are several applications 

of 3DP within the medical sector that usually start with the process of obtaining these medical images. 

In the case where the internals of a patient is of interest, medical images are applicable.   

There are various types of medical images that can contain information in an array form, either in 

pixel form (2D) or voxel (3D). The major types of medical image formats are DICOM, Analyze, 

Nifti, Minc and NRRD. The different medical images can be separated into diagnostic images (e.g., 

DICOM) and images for further analysis, such as post-processing (Analyze, Nifti, Minc) [148]. 

The aim of this section is to demonstrate the transformation process of medical image reconstruction 

for 3D printing. To study the medical image transformation process, an organ will be segmented from 

a medical image and thereafter will be converted to STL files for 3DP purposes. After 3D printing, 
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the model will be used for the reverse engineering process. To achieve this, medical images from the 

online repository Embodi3D were downloaded for training and trial purposes. Embodi3D is an online 

platform that contains 3D medical models and offer 3DP and medical model creation services [2]. 

For the experiment, DICOM files from CT scans of human femur bone were acquired from SUS. The 

scans were from a 40-year-old male who weighed 80kgs.  

Several software packages are available to conduct this kind of study for clinical and research 

purposes, both open source and commercial packages. To name a few: 3D slicer, 3DView, Image J, 

Invesalius 3, Mimics, The Medical Imaging Interaction Toolkit, OsiriX Lite, Seg3D and Volume 

Extractor 3.0 [149]. For this study, the software package 3D slicer will be used. 3D Slicer is a free, 

open-source software package mainly used for medical, biomedical, and related imaging research 

[150, 151]. For 3D printing purposes, the Fortus 450mc FDM printer was used. The material used for 

printing is PLA. Three different 3D scanners and technologies were used for 3D scanning for reverse 

engineering the printed femur. The compatibility analysis was conducted using the scanned data by 

determining the deviation of the scanned data from the original scanned model. 

4.1. Segmentation And Preparation Of Medical Image Data 

For training purposes, medical images from Embodi3D have been downloaded. The file formats of 

these are NRRD which is different from DICOM images in that NRRD files are anonymized and 

contain no sensitive patient information. In addition, NRRD files store medical scans in a single file, 

contrary to DICOM data sets are usually made up of hundreds of individual files. 

The following operations apply to other medical image file formats such as DICOM images. The first 

model that was imported was a CT scan of the whole body. Importing is a simple procedure, similar 

to importing files into, e.g., CAD software. The commands Add data or Add DICOM data can be 

used to import medical images.  
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Figure 4-1 - Import medical image into 3D Slicer 

The next step is to open the segmentation editor toolbox to start segmenting the medical images and 

extract the region of interest (ROI). The aim is to contour an ROI corresponding to, e.g., anatomical 

structures or tumours or lesions etc., such that the ROI can be visualised, analysed, 3D printed etc. 

The segmentation can be done both manually, semi-automatically and fully automatically. Manual 

segmentation involved iterating through each slice of a medical image and selecting the ROI. For this 

study, the lungs and the air will be segmented. 

Several segmentation techniques can be implemented to extract a particular ROI [152–157]. Some of 

the most common techniques include: 

• Threshold segmentation 

• Region-based segmentation 

• Edge-based or boundary-based segmentation 

• Clustering or unsupervised segmentation 

• Hybrid methods 

The 3D slicer software offers several tools for segmentation based on various algorithms. In order to 

access these techniques, the Segmentation editor module needs to be selected and a new empty 

segmentation needs to be added (Figure 4-3). In this example, the left lung area within the medical 

image will be used as an example: 

• Paint – for the purposes of manual segmentation, the paint tool can be used. With this option 

a brush tool can be used to select the ROI on each slice of the medical image. To demonstrate 

this process, the left lung region of a single random slice of the medical image as been 
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“painted” in red (Figure 4-2). The selection is automatically highlighted in the other views of 

the medical image (highlight in yellow). 

 

Figure 4-2 - Highlighting the lung region using the paint tool 

• Level tracing – this method allows for selecting ROIs based on contrast changes. By hovering 

over the image, the tool allows for selecting an entire anatomical region.  The lung area, as 

seen Figure 4-2, was selected again using the level tracing tool as seen in Figure 4-3. In Figure 

4-3, it can also be seen how hovering over the image, the software is able to select varying 

contrast regions. This is achieved by the software by selecting all pixels that have the same 

current background pixel [158].  
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Figure 4-3 - Highlighting the lung region using the level tracing tool 

• Thresholding – in this method, segmentation is conducted by trying to select an area of interest 

using a particular Hounsfield unit intensity range. CT images are a map describing the 

penetrability of X-rays i.e, they are a pixel map of the linear X-ray attenuation coefficient of 

tissue. The linear scale of the X-ray attenuation coefficient is such that the value of air equals 

-1024 and that of water equals 0. This scale is called the Hounsfield scale 

 

The threshold was adjusted such that the entire lung region could be selected. This was done 

to some level of success, however, since the threshold corresponded to air, the entire outer 

region of the body was also selected (Figure 4-4). When the segmentation was initialised, a 

significant amount of unnecessary data was also captured. All attempts to post the process 

were unsuccessful as the program kept crashing.  
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Figure 4-4 – Segmentation of the lungs using thresholding 

• Fill between slices – when using this method, the ROI is selected in a set of slides that do not 

necessarily have to be consecutive. The algorithm is based on contour interpolation mentioned 

in [159]. The areas selected can be seen in Figure 4-5. Thereafter, the algorithm interpolates 

between the selected slices that include the ROIs. 
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Figure 4-5 – Level tracing for filling between slices 

The segmentation was initialised after the preview was generated. This can be seen in Figure 

4-6. Each lung and the air pipe had to be segmented individually to achieve this segmentation 

 

Figure 4-6 – Fill between slices segmentation 
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o A 3D visualisation of the segmentation can be obtained, as seen in Figure 4-7. 

o Once the model was created, the Gaussian smoothing option was selected to smoothen 

the model (Figure 4-8). 

o The model was then exported to STL format so that it can be used for mesh analysis 

or 3D printing  

 

Figure 4-7 – 3D visualisation of segmentation conducted by fill between slices 

 

Figure 4-8 – Smoothened model of lungs (fill between slices) 

• Grown from seeds – in the paint and level tracing method, an entire ROI had to be selected to 

be processed.  The grow from seeds tool uses growing segments for segmentation. The 

algorithm detects sudden changes in the volume brightness as it grows from the “seeds” or 

selected segments. The paint tool is used to select at least two segments. Thereafter, based on 

the satisfactory previews, the segmentation is updated. The method used by the software to 

achieve this is based on the grow-cut algorithm described by Gao et al. [160].  
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To get a 3D model of the lungs and the air pipe, the steps were as follows: 

o Selecting seed segments of the lung and the background (Figure 4-9)  

o The software initialises the process of growing seeds and provides a preview to be 

checked (Figure 4-10) 

o Thereafter the segmentation was applied to select the lung region (Figure 4-11) 

o A 3D visualisation of the segmentation can be obtained as seen in Figure 4-12. 

o Once the model was created, the Gaussian smoothing option was selected to smoothen 

the model. 

o The model was then exported to STL format so that it could be used for mesh analysis 

or 3D printing. 

 

Figure 4-9 - Selecting seed and background segment 

 

Figure 4-10 – Preview of grown segments 
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Figure 4-11 – Segmentation of the lungs 

 

Figure 4-12 – 3D visualisation of the lungs 

 

Figure 4-13 – Smoothened model of the lungs (grow from seeds) 
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4.2. Segmentation Of Femur Bone 

Norway is one of the countries with the highest registered incidence of hip fractures in the world. 

About 60% of the hip fractures are in the femoral neck, a few in the caput, and the rest are in the 

trochanteric region, called trochanteric, pertrochanteric, or intertrochanteric fractures. As such, the 

anatomical structure used in this thesis is a human femur bone model. 

DICOM files from CT scans of a human femur bone were acquired from the Stavanger 

universitetssjukehus (SUS). The DICOM image is from a 40-year-old male (80 Kg). CT images are 

a map describing the penetrability of X-rays i.e., they are a pixel map of the linear X-ray attenuation 

coefficient of tissue. The values are scaled so that the linear X-ray attenuation coefficient of air equals 

-1024 and that of water equals 0. This scale is called the Hounsfield scale. The DICOM files were 

then converted to image files using Mimics software.   

The DICOM images were then processed in MIMICS 24.01 (Figure 4-14). The 3D model of the 

femur bone was created by implementing the following steps:  

• Thresholding - This was based on Hounsfield Units (HU) so that the ROI chosen is only those 

pixels of the image within the defined value. For bones, the HU ranges from 200-250 to 3000 HU 

[87]. 

• The region growing process allows splitting the segmentation into the ROI and background 

(surround area of ROI).  

• The generated region mask was used to develop a 3D model for the bone. The 3D reconstruction 

is based on 3D interpolation techniques that transform the 2D images into a 3D model. For this 

reconstruction case, grey values interpolation was used associated with the accuracy algorithm 

for achieving a more accurate dimensional representation of the femur.  

• 3 Matic software was used to convert the 3D model to STL files for 3D printing. 
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Figure 4-14 – Mimics environment (segmentation) 

4.3. Post-processing 

 

Figure 4-15 - Mesh Analysis in FreeCAD and Prusa slicer 
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The STL file exported from Mimics contained some errors, as shown in Figure 4-15. The model was 

imported into FreeCAD and the Prusa slicer to demonstrate the possible errors in the slicing software. 

If left unprocessed, there will be several errors in the slicing process and even incorrect slicing (as 

can be seen from the Prusa slicer error message). The post processing and cleaning of the mesh file 

was conducted in MeshLab. 

4.4. 3D Printing Process 

The femur model was 3D printed using the Fortus 450mc, an industrial FDM 3D printer (Figure 

4-16). The STL file created from 3 Matic software was then imported into the slicing software used 

for this printer, Insight. Thereafter the sliced model is then imported into the control centre where the 

model was placed in the exact location and orientation for printing. 

FDM printers are AM technology that is based on material extrusion. An extrusion tool melts filament 

material (polymer or metal) and traces the profile of a slice of a model. This is done in succession 

while either the build platform moves down, or the extruder moves up fractions of a millimetre 

(usually defined by the user). With regards to medical applications, FDM printers are useful in 

creating medical models. In one such study conducted by Christian et al. [161], 3D printed models 

created from SLS and consumer-grade FDM were compared, and their results showed that even 

consumer-grade FDM printers can produce medical models with sufficient dimensional accuracy for 

use in maxillofacial surgery. 
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Figure 4-16 - Fortus 450mc (Indsustrial FDM 3D printer at UiS) 

The STL file was then imported into the slicing software for the Fortus 450mc. The slicing software 

options for the Fortus 450mc include Insight and GrabCAD. The software used in this instance was 

Insight.  

The initial import and slicing are shown in Figure 4-17. This sliced model was generated based on 

the best option with minimal supports option. The printing time would be 24 hours with a large 

support structure. However, to minimise the material usage the model was scaled to 97% of the 

original size and sliced within the Insight environment as shown in  Figure 4-18. The final printing 

time was approximately 11 hours and 15 minutes. Figure 4-19 displays the 3D printed model. 

Table 4-1 - Printing Parameters for femur bone (FDM Fortus 450mc) 

Printing Parameter Value 

Printing nozzle size 
T16 (0,254 mm) for model  

T12 (0,178 mm) for support 

Nozzle temperature 
315°C for model 

293°C for support 

Bed temperature 90°C 

Shell thickness 4 mm 

Layer Height 0.2542 

Total printing time 11,25 hours 
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Material used 
202 cm3 model 

122 cm3 model 

Number of layers 330 

Type of printing sparse 

 

 

Figure 4-17 - Initial import and slicing 
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Figure 4-18 - Final import and slicing 

 

 

Figure 4-19 - 3DP Model of femur 

The printed part, especially with no overhanging parts, had minimal support structures printed as 

well. These support structures have different properties for the ease of removal upon printing of the 

part. The difference in properties from the main filler material could be either a completely different 

material or the same material as filler but with a thinner layer height and resolution. In this case it 

was a different material 

The additional material created from supports was dissolved while the femur model remained as the 

final part. This was achieved by melting the 3D printed part in a solution of sodium hydroxide. In a 

sodium hydroxide bath of about 85 °C the excess support material dissolved away. 

4.5. Reverse engineering 

The femur bone that was 3D printed to a scale 97% was used as a basis for the reverse engineering 

process. Some of the aims of this study are as follows: 

• 3D scanning with different 3D scanners 

• Comparison of the different 3D scanning software environment 

• Development of 3D models from the 3D scanned point clouds 

• Assessing solid modelling techniques (already presented in section 3.6) 
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• Using 3D scanning as a dimension verification/quality control tool and conducting deviation 

analysis 

4.5.1 3D Scanning Of Femur 

The first step of RE of physical objects (as outlined in Figure 3-2) is the 3D scanning of the 

component. The bone model that was 3D printed was then scanned using three portable non-contact 

3D scanners available at the university at the time. The three scanners that were used are the 

Handyscan 700, Einscan HX, and the Artec EVA-M 3D scanner. The specification of each scanner 

is mentioned in Table 4-2. With the scanning process itself, the aim is to obtain a point cloud with a 

good resolution that can be further used for modelling and analysis purposes.  

Table 4-2 - 3D scanner Details ( [162–164])  

Scanner 

   

Scan method 
Triangulation and 

binocular vision 
Structured light Structured light 

Scan Speed (pts/s) 480,000 1,200,000 18,000,000 

Light Source 
7 laser crosses and an 

additional line 
LED 

Flashbulb + 12 Led 

array 

Range (m) 0.3 0.3 – 1 0.4 – 1 

Accuracy (mm) 0.03 0.05 0.1 

Resolution (mm) 0.05 0.25 – 0.3 0.2 
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Data processing Markers 
Markers/features/ 

hybrid/texture 

Geometry and texture 

based 

Weight (kg) 0.85 0.71 0.9 

Accompanying 

software 

VX Elements (VX 

Scan, VX Model, VX 

Inspect) 

Shining3D Artec Studio 

Prior to scanning the full femur model a test run was done with half a femur model to get acquainted 

with the 3D scanner and the VX software environment. To achieve this, the STL file of a femur from 

the online repository Embodi3D was downloaded. For practical reasons, the STL file was divided 

into 2 parts using FreeCAD. This was then printed on an Original Prusa i3 MK3 3D printer available 

for students at the university. The process has been displayed in Figure 4-20. 

 

Figure 4-20 - 3D printed femur model from Embodi3D 

The trial scan was conducted in the 3DP lab at UiS with the Handyscan 700. The top half of the femur 

was places erect on the rotating platform. The femur was then scanned to obtain a point cloud which 

included the platform and the surrounding with some noise. The VX scan software module allows for 

post-processing of scanned data for cleaning up and refinement purposes. Using these features, the 

point cloud data was cleaned and thereafter meshed and converted to STL format.  
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Figure 4-21 - Raw scan data vs post processed model 

The steps taken to obtain the model are: 

• Using the remove background together with add clipping plane and free hand clipping, the 

bulk of the background data was removed 

• Thereafter the Remove Isolated Patches filter was applied plus Brush selection and Delete 

Face tools. 
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Figure 4-22 - 3D printed model vs. scanned model 

In Figure 4-22 views 1 and 2, it can be seen that there is good coherence between the 3DP model and 

the scanned model with respect to capturing features of the 3DP model. The acquisition data was 

significantly better when there was an angle of incidence w.r.t the reference line.  

However, with views 3 and 4, it can be seen there’s quite a significant deviation. With this particular 

model, the gaps seen in view three are not a problem as the 3DP model itself has a flat surface, and 

the scanned model can be refined to create that surface during postproduction. 

With regards to view 3, there’s a significant lack of detail and missing data in the point cloud. The 

problem was persistent even when position marking stickers were added to the 3DP model, while the 

scanner was used by someone with good experience in utilising the technology.  

The problem can be attributed to the scanner's angle, as shown in Figure 4-23. The relatively small 

surface area of the model coupled with fewer retroreflective targets used to triangulate must have 

resulted in the lack of information perceived by the scanning cameras. It must be noted this issue is 

specific to the model being used since on models with a wider surface area, more retroreflective 

targets can be used, which could lead to a different outcome during the scanning process. 

Overall, this trial scanning process was a success in that lessons were learned to take forward in 

scanning the full femur model with regards to: 

• Surface preparation 

• Model positioning during the scanning process 

• Familiarity with the VX Scan, VX Model and VX Inspect software modules. 
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Figure 4-23 - Suitable scanning angle of a femur model for Handyscan 700 

All three scanners are handheld scanners and portable, while only the Artec scanner had a portable 

power source. The preparation process for each scanning process was similar but differed due to the 

environments (physical locations) in which the scanners were used. 

3D scanning of full femur model 

As mentioned in section 3.2, 3D scanning technologies can be either contact or non-contact. An 

attempt was made to scan using the CMM. The use of CMM is based on having a CAD model and 

thereafter scanning using physical probes by using datum points on the CAD model. Due to the 

femur's non-linear or organic shape, it was impossible to orient the physical model and the CAD 

accurately as a datum point. The way forward would be to add linear or planar extrusions to the CAD 

model and conduct the printing. This would eliminate the problem of needing datum or reference 

points. Due to time constraints, this could not be achieved. However, some distances were measured 

along the femur model. 



 

73 | P a g e  

 

 

Figure 4-24 - Scanning of femur using CMM 

Non-contact scanning 

From the lessons learnt during the trial scan, it was decided that the full 3DP femur model will be 

scanned twice in different orientations and thereafter combined using the post-processing tools 

available in VX Scan/VX Model, Shining 3D, and Artic Studio. The post-processing will also be tried 

in MeshLab.  
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4.5.2 Handyscan 700  

 

Figure 4-25 - Handyscan 700 

The Handyscan 700 (Figure 4-25) is a portable 3D scanner that works on triangulation and binocular 

vision principles. It is a lightweight scanner that is simple to use. The challenge with using this 

scanner is that it highly depends on the retroreflective markers for objects with a small surface area. 

Despite the problems faced during the trial scan, the full femur was erected on the rotating platform 

to try scanning but with no success, even with retroreflective markers (Figure 4-26 right). Again, this 

could be due to the scanning object being slender with minimal markers and surface area to 

triangulate. 

 

Figure 4-26 – Initial scan of the femur using Handyscan 700 
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To overcome this problem, the femur model was positioned such that the scanning height would be 

minimised and to maximise the capture of the platform and the markers on it. The preparation is 

displayed in Figure 4-27. The setup worked well, and the scanning took just a few minutes.  

 

 

Figure 4-27 – 3DP model setup of femur for scanning (Handyscan 700) 

The two scans (orientation 1 and 2 in Figure 4-27) were conducted in the same project in VX Scan. 

Once they were scanned, the data was then cleaned, repaired and then aligned. The procedure that 

was followed has been outlined in Table 4-3. VX Scan provides the option of aligning and merging 

scans. The alignment can be based on: 

• Target best fit – using a minimum of points that have to match in addition to an accepted 

level of tolerance to align two scans 

• Surface best fit – using a maximum distance between two scans for alignment 

• Global registration – for aligning and merging three or more scans. 

For the alignment of the femur scans, since the mid-section for the model is common in both scans, 

the surface best fit option seemed optimal.  This tool was then used to align the two scans and 

thereafter merge them to provide a single mode.  
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Table 4-3 - Post processing of femur scan in VX Elements 

Images of the scan Process 

 

Background Removal 

The raw files that are used by the VX Elements 

software package comes in the CSF format. The 

two scans contained background data and noise that 

needed to be removed. 

Using the remove background together with add 

clipping plane and free hand clipping, the bulk of 

the background data was removed. 

 

Removal of isolated patches 

Once the bulk of the background data was removed, 

the Remove Isolated Patches filter was applied, 

plus Brush selection and Delete Face tools to 

remove unwanted, isolated data. (Seen in gold 

colour on the figure to the left) 

The file size at this point was approximately 

230Mb. 

 

Pre-alignment 

In this mode, using one scan as a reference, points 

were chosen on the other so that the models are pre-

aligned.  
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Alignment 

The align tool launches the alignment of the scan 

based on the given parameters 

 

Merge 

The two scans that were aligned in VX Scan, were 

then taken across to the VX Model module. The 

scans were then merged by giving each scan high 

priority. 

The file size at this point is approximately 463Mb. 
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Filling of holes 

Using the fix hole function in VX Elements and an 

appropriate curvature setting, all holes in the 

merged model were then fixed. 

 

Conversion to CAD format 

The merged model was then converted to different 

CAD formats that could be used e.g., in software 

like MeshLab or Autodesk Inventor for further 

analysis or modelling. On the left is the STL model 

of this scan and the STL file size is approximately 

5.5Mb. 

4.5.3 Artec EVA-M 
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Figure 4-28 – Artec EVA-M 

The Artec EVA-M (Figure 4-28) is a portable 3D scanner that works that has a portable power supply 

and works on the principles of structured light. It is a lightweight scanner that is simple to use. There 

were minimal challenges when using this scanner. Together with the Artec Studio software, the 

scanner provides multiple options to use during scanning and for alignment when scanning, including 

an HD scanning mode that will use its specialised algorithms to conduct post-processing with minimal 

interference. The post-processing is very similar to that mentioned in Table 4-3 for the Handyscan 

700, i.e., removal of the background information, removal of isolated data and patches, alignment 

and merging of the two scans. Figure 4-29 is a summary of the model transformation from raw scan 

to the final model 

 

Figure 4-29 – Scanning process using Artec EVA-M 
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4.5.4 Einscan HX 

 

Figure 4-30 - Einscan HX 

The Einscan HX (Figure 4-30) is a portable 3D scanner that works on the principles of structured 

light. It is a lightweight scanner that is simple to use. There were minimal challenges when using this 

scanner. Together with Shining3D software, the scanner provides multiple pre-setting options to use 

during scanning for alignment when scanning.  

 

Figure 4-31 - Shining3D Pre-setting 
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For scanning using the Einscan HX, the femur model was placed erect on a table on a vice (Figure 

4-32). Since the femur has an organic shape, the model was scanned using the non-texture scan based 

on features. The setup worked quite well, and the scanning process took just a few minutes.  

 

Figure 4-32 – 3DP model setup of femur for scanning (Einscan HX) 

A very similar process was followed in the Shining3D environment as mentioned in  Table 4-3 when 

it came to the post-processing, i.e., removal of the background information, removal of isolated data 

and patches, alignment and merging of the two scans. The scanned file using the Shining3D software 

was ASC format and about 3Mb. The final alignment can be seen in Figure 4-33. 

 

Figure 4-33 - Alignment of femur scans in Shining3D 
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4.6. Post-processing using MeshLab 

MeshLab is open-source software available for editing 3D triangular mesh files [165]. The software 

is based on an open-source C++ mesh processing library, The Visualization and Computer Graphics 

Library (VCG), for manipulation, processing, and displaying triangle and tetrahedral meshes. 

The raw data from each of the scanning entities produce quite large files that require significant 

computational power for handling and manipulation. For e.g., in VX elements, the file size of the raw 

scans is roughly 230Mb, while in the Artec Studio is about 800Mb. A possible alternative will be to 

conduct the post-processing, i.e., course segmentation (i.e., removal of background data and isolated 

patches) and conduct alignment and post-processing of the mesh in open-source software like 

MeshLab that require fewer resources. 

Proposed steps for merging scans in MeshLab 

All three software provided the option to convert their original files, i.e., in CSF, ASC, and SPROJ 

file formats, to STL once scanned data was obtained. In order to demonstrate the post-processing in 

MeshLab, the two scans obtained from the Handyscan 700 will be used for post-processing and 

merging the two scans. 

Step 1 – Convert to STL and import into MeshLab  

• Export each scan as a mesh in VXscan to STL file format 

• Import the STL files into the initial scans into MeshLab one at a time 

 

Figure 4-34 - Imported scans in MeshLab 
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The imported files do not lie in the same plane and have different global and local coordinate systems. 

Each scan file has a completely different set of global and local coordinate systems, as seen in Figure 

4-34. In order to merge the two scans, they have to be aligned in position. One of the best-known 

algorithms to align point clouds/meshes is the iterated closest point (ICP) algorithm [166]. The 

algorithm compares a reference model and the model of interest and tries to minimise the Euclidian 

distance between them. Mathematically, the mean squared distance between two point clouds is 

minimised using a transformation matrix that includes rotation and translation components [167].  

Step 2 – Align meshes 

• The MeshLab align tool is based on the ICP algorithm and can be used to align the two scans. 

• Open the Align dialogue box. Freeze one of the scans to use as the reference model. In this 

case, the scan with more vertices was glued. An asterisk should appear once  

• Next, select the second scan in the dialogue box and choose point based gluing. 

• This is a pre-aligning step where at least four mutual points are selected on each scan model 

to bring them close to each other before implementing the aligning algorithm. 

• The point base glueing can be done using point rendering for more accurate pre-alignment.  

• The points chosen for this particular case are shown in Figure 4-35, and the pre-alignment is 

shown in Figure 4-36.  

• Once the pre-alignment is complete, the processing for alignment can begin. The aligned 

models are shown in Figure 4-36, together with the error bound. As a confirmation of the 

transformation, a comparison of the transformation matrices of scan one and scan two can be 

seen in Figure 4-37.  

• It is desirable to save the model information as a transformation. Therefore, do not fix the 

alignment of the transformed model matrix as an identity matrix. That is, do not use the freeze 

matrix option under filters. 
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Figure 4-35 - Points chosen for pre-alignment 

 

Figure 4-36 - Completed Global Alignment 

 

Figure 4-37 - Transformation matrices (reference vs. transformed) 

Step 3 – Merge meshes 

• Now that the meshes are aligned, they can merge using the flatten visible layers command to 

merge the two meshes. This function is desirable in this circumstance as it allows for the 

merging of scans by taking into consideration the transformation matrix used for alignment.  
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Figure 4-38 - Merged Model 

Step 4 – Repair and fix (watertight model) 

• Once the model is merged, some evaluations and repairs that could be done. Some of the most 

common operations include: Removal of duplicate faces, removal of isolated patches, removal 

of non-manifolds and removal of self-intersections 

• As can it been seen in Figure 4-38 the merged model is not completely watertight and contains 

holes that need to be covered.  

• There are several hole-fixing algorithms [168], and the one used in MeshLab is based on the 

method described by Liepa [169]. 

• Using the close function, all holes in the model can be closed up by using a maximum 

threshold value to be considered for closing. 

• However, as can be seen in Figure 4-39, the hole closing was not smooth. Therefore, it is 

recommended to use the close hole function for “small” holes, i.e., holes that fulfil the default 

threshold or are smaller. 

• Another drawback is that the model may not be entirely watertight. In order to create a 

watertight model using this function, several iterations have to be conducted using different 

thresholds. 
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Figure 4-39 - Holes fixed using close hole function in MeshLab 

• In addition to fixing holes, therefore, requires further functions that need to be implemented 

such as decimation of the affected areas and smoothing. Again, the model may not be entirely 

watertight since holes that satisfy the maximum threshold will be rectified. 

• An alternative will be to use a function that will make the entire model watertight. The 

screened poisson surface reconstruction function in MeshLab (based on the algorithm 

presented by Kazhdan et al. [170]) does exactly that. Using this model, a watertight model 

can be created that fixes all holes much smoother than the fix hole function. 

• A major drawback of this surface reconstruction is that the initial mesh will be very rough. 

However, this problem can be overcome using an appropriate remeshing tool and smoothing 

• E.g. for this case the Isotropic Explicit Remeshing tool (based on [171]) and the HC Laplacian 

Smoothing tool (based on [172]) were used. The difference in applying these filters can be 

seen in  Figure 4-40. 
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Figure 4-40 - Before and applying remeshing filter to Poisson Reconstructed model 

4.7. Deviation Analysis 
The analysis was conducted individually for each scan as it was not possible to align all three STL 

models with the original femur model. Nevertheless, each model was imported into the VX Inspect 

and MeshLab environments together with the original femur model as the reference file.  

VX Inspect 

Once the 3D models were developed and converted to STL files, they were imported into VX Inspect. 

VX Inspect is a dimensional inspection software module of VX Elements. It can be used to perform 

inspections for the purposes of quality control and assurance [173]. The aim is to compare the models 

created by the three different scanning processes and determine the extent of deviations of the model 

from the original STL model and determine the model accuracy of the different scanned models by 

comparing them with the initial STL file. The scanned model from each scanner was then aligned 

with the reference model using the surface best fit option. 

The colour map is a very useful tool to visualise the deviations of the models from the reference 

model. For the scanned models presented here, the tolerance has been set between -0.5mm to 0.5mm. 

The colour map displays the deviations based on this tolerance. Several values from different views 

and cross-sections were taken during the analysis. VX inspect provides the option of exporting the 

information analysed in the software in the form of a report.  
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MeshLab 

The deviation analysis can also be conducted in MeshLab as well. The first step is to conduct the 

aligning process as described in section 4.6. Once they are aligned different filters can be added to 

the model to determine the deviation.  

One option is the filter Distance from reference mesh, where both the model's negative and positive 

and negative distances can be determined with respect to a reference model. This filter adds the 

distance as a vertex quality. Meaning, in each data point would have the associated deviation distance 

as an additional value stored together with the vertex data. This data can be exported from MeshLab 

as a non-binary PLY file. This measure was used to assess the models created by each scanner.  

Another option is to use the Hausdorff distance filter. This filter determines the Hausdorff distance 

between two data sets which is an absolute value. In this case, it is the distance between the original 

femur model and the scanned models. The algorithm used in MeshLab can be seen on their GitHub 

page [174]. The algorithm is based on the Hausdorff distance calculation mentioned by Shonkwiler 

[175]. This measure will be used to determine the deviation of the 3D printed model from the original 

CAD model as the filter calculates the absolute distances between the reference and target mesh. The 

mathematical expression of the Hausdorff distance is given below: 

ℎ(𝐴𝐴,𝐵𝐵)  =  
𝑚𝑚𝑚𝑚𝑚𝑚
𝑚𝑚 ∈  𝐴𝐴

 �
𝑚𝑚𝑚𝑚𝑚𝑚
𝑏𝑏 ∈  𝐵𝐵

{𝑑𝑑(𝑚𝑚, 𝑏𝑏)}�  
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CHAPTER 5:  RESULTS AND DISCUSSION 

In this chapter the results obtained from the solid modelling process and the comparative deviation 

analysis will be presented and discussed. The qualitative and quantitative results will be presented 

and analysed for the deviation analysis.  

5.1. Solid Modelling Results 

 

Figure 5-1 - Final Solid Model of the femur 

The aim of this section is to compare the solid model created using the method described in section 

3.6 and the solid model created by Autodesk Inventor using the automatic conversion function. Using 

the method described in section 3.6, a solid model of the femur was created using the STL file from 

the Handyscan 700. The initial model created did not capture most of the geometry. Therefore, the 

femur model was split into even smaller sections, as seen in Figure 5-1 left. This made it possible to 

capture the features of the femur much easier. 

The Handyscan model was chosen for solid modelling purposes because it was the only model that 

was able to be converted directly to solid using CAD software Autodesk Inventor. This was required 

to use as a reference to compare the final model created using the methods proposed in section 3.6. 

The other scanned model files were too large in size to be converted by Autodesk Inventor 

The distance from the reference mesh filter was used on the solid model; this can be seen in Figure 

5-2. When comparing the designed model vs. the reference STL file, there are a few deviations. But 

there not significant. 
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To determine the properties of the solid model, the FreeCAD model was converted to .STEP file and 

imported into Autodesk Inventor. To compare the properties of the solid models, both the converted 

and the designed models were given Titanium material properties. The results can be seen in Figure 

5-3, Figure 5-4, and in Table 5-1. 

 

Figure 5-2 - Final solid model vs. reference model 

Table 5-1 - FreeCAD vs. Autodesk Model 

 FreeCAD Model Autodesk Model 

Weight 2.564 kg 2.566 kg 

Volume 568485.596 mm 3 568861.768 mm3 

Area 66471.137 mm2 66088.332 mm2 
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Figure 5-3 - Solid model using FreeCAD 

 

Figure 5-4 - Handyscan 700 model converted directly to solid in Autodesk Inventor 

The results show that the proposed method for obtaining a solid femur model is useful since it has 

similar properties to the directly converted model. This type of model is essential, e.g., in FEA 

analysis. Therefore the proposed method can be a viable option to use open source software to create 

solid models with an organic shape using a reference STL file. 
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5.2. Qualitative analysis 

 

Figure 5-5 - Feature-based comparison of the original CAD model, 3D printed model, and CAD 

models obtained from the different scanning processes 

Based on the visual inspection and comparison shown in Figure 5-5, some deductions can be made: 
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• The most distinct difference between the 3D printed model and the original CAD model is 

that all sharp edges have been smoothened. This is probably caused by the resolution of the 

3D printer, which was unable to accurately print the curvature. 

• All small protrusive features have been smoothened during the 3D printing process. This can 

be seen in views 2 and 3. This is probably caused by slicing. As highlighted in section 2.2.2, 

the slicing process interpolates points obtained while sectioning a CAD model. If the 

resolution of points taken was too high, i.e., wider than the features, then this information is 

lost due to the smoothening effect of the interpolation.   

• All scanners have captured the distinctive features of the 3D printed model, as can be seen in 

views 1,2 and 3 

Contact scanning results 

Despite being unable to take a complete scan of the femur using the CMM, some distances were 

measured along the femur model. These are presented in Figure 5-6. The average deviation 

determined from these results is about 0.93 mm. The limitation with these results is that the 

measurements taken were highly subjective, i.e., without proper constraints to a reference point. 

 

Figure 5-6 - CMM measurement vs. STL CAD Model digital measurement 
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5.3. Quantitative Analysis 

The result from each scanning process is a point cloud. The point cloud was then processed within 

the different software entities associated with each scanner. Once the post-processing was complete, 

the final models were converted to STL format (and others). The comparison of the file size of each 

model obtained from different scanners is shown in Figure 5-7. 

 

Figure 5-7 - Femur STL model details (top) Scanning points vs. no. of vertices comparison(bottom) 

From the data presented in Figure 5-7, it can be seen that there is a direct correlation between the 

number of faces and the file size. The STL file created from the Artec EVA-M has significantly more 

vertices. This can be attributed to the very high-speed scanning of about 18 million points per second.  

Deviation Analysis Results 

In the VX Inspect environment, once the models were aligned, the colour map tool was used to 

determine the deviations between the reference model and the scanned model. This was conducted 

for each model. The software provides statistical data that was obtained from the deviation analysis 
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tool and has been summarised and displayed in Figure 5-8. In the MeshLab environment, once the 

models were aligned, the Distance from the reference mesh filter was applied. The results obtained 

are displayed in Figure 5-8. 

 

Figure 5-8 – Maximum, minimum, and the range of deviation of the scanned models 

On average, the range of deviation is approximately 3.34𝑚𝑚𝑚𝑚, while the average minimum deviations 

and maximum deviations are approximately −1.54𝑚𝑚𝑚𝑚 and 1.72𝑚𝑚𝑚𝑚, respectively. The maximum 

and minimum values could be found in approximately the same region on the 3DP model. This has 

been highlighted in Figure 5-9 a). These deviations are possibly due to the scanning processes. The 

region highlighted is affected by the shadows of the femur features in the two planes, as shown in 

Figure 5-9 b) and c). The area consists of a curved intrusion feature in the original STL file. Due to 
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the shadows, not many points have been captured in that region during scanning. When the points are 

then interpolated, the original curvature is lost, thus standing out as a large deviation.  

 

Figure 5-9 - Region of maximum and minimum deviation 

5.4. VX Inspect results 

The data extracted from VX Inspect w.r.t to the deviations of each model from the original mesh file 

is presented in Figure 5-10, Figure 5-11, Figure 5-12, and Figure 5-13. The histograms provide a good 

comparison of the performance of each scanner since the local deviation values are compared. This 

is a closer look at the various regions of the femur itself.  The histograms represent the deviations in 

mm at different points on the various snapshots for the models created from each scanner. These 

diagrams can be analysed in terms of the different scanning technologies used and the orientation of 

the part that was scanned in.  

The reading obtained at each point is a local value. These were obtained using the toggle map function 

available in VX inspect that allows viewing of the colour map and deviations in the viewing mode. 

The snapshots taken were not taken accurately aligned in the same plane. Due to the organic shape 

of the model, it was very difficult to find reference planes equal to all models. However, the snapshots 

were taken in views that were almost equal and provided a good comparison of the deviations in 

different regions from each model. The reports extracted during the analysis have been presented in 

Appendix A, Appendix B, and Appendix C. The corresponding colour map for each snapshot from 

Figure 5-10 to Figure 5-13 can be found in Appendix A, Appendix B, and Appendix C. 

In the discussion to follow, the Artec EVA-M, Einscan HX, and Handyscan 700 will be referred to 

as scanners 1, 2, and 3, respectively. 
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Figure 5-10 – Deviations (left) and Box & Whisker plot (right) for Snapshot 1 

In Figure 5-10, the deviations along the longitudinal section can be seen. The histogram on the left 

shows that the deviation increases with increasing curvature. The observation is based on the lower 

deviations in the midsection of the model in comparison to the deviations towards the outer sections 

of the model.   
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Figure 5-11 - Deviations (left) and Box & Whisker plot (right) for Snapshot 2 

In Figure 5-11, the deviations are consistent to some degree between each scanner as most of the 

deviation values are positive. The differences seen for points 5 and 8 can be attributed to the scanning 

orientation of the different scanners. For scanners 1 and 2, the model was placed vertically erect for 

scanning, while for scanner 3, the orientation was angled. Hence the similarity in deviation for 

scanners 1 and 2 in comparison to scanner 3. Scanner 3 performed best in this view based on both the 

histogram results (lower values of deviation) and the box and whisker plot (smaller interquartile 

range). This can be attributed to the scanning orientation and the lower resolution of scanner 3. 
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Figure 5-12 - Deviations (left) and Box & Whisker plot (right) for Snapshot 3 

A similar observation, as seen in Figure 5-10, can be made in Figure 5-12 regarding the deviations 

along the longitudinal section. The histogram on the left shows that the deviation increases with 

increasing curvature. The observation is based on the lower deviations in the midsection of the model 

in comparison to the deviations towards the outer sections of the model. However, the performance 

of the scanners can be observed to be different when comparing the results in Figure 5-10 and Figure 

5-12. Scanners 1 and 2 have produced better results than scanner 3. 
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Figure 5-13 - Deviations (left) and Box & Whisker plot (right) for Snapshot 4 

In Figure 5-13, the deviations are consistent across all three scanners besides the outlier in point 5. It 

must be noted that the maximum and minimum values of deviation for all three scanners were found 

in the regions of points 5 and 6, as mentioned at the beginning of this section. Scanners 2 and 3 

produced better results in this section of the femur model in comparison to scanner 1. 

5.5. MeshLab Results 

In the MeshLab environment, once the models were aligned, the Distance from reference mesh filter 

was applied. The data extracted from MeshLab was then imported into Matlab to create the box and 

whisker plots seen in Figure 5-14. This is a good representation of the deviation results as the extreme 

values of deviation are considered as outliers to the general set of data. Since there are both positive 

and negative values, it is not practical to analyse the mean value of the data; therefore, the root mean 
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square (RMS) value will be compared. This analysis shows the range of where the majority of the 

deviations lie. The reference model used for this analysis is the original STL CAD file. Therefore, 

these results also include deviations caused by the 3D printing process as well. However, this analysis 

provides a good overview of the range of deviation caused by the scanning process since the outliers 

are not considered in the data. 

The box and whisker plots are shown in Figure 5-14 display the deviation results of each scanner. All 

plots are relatively symmetric, meaning that the distribution of results is a normal distribution. Since 

the distribution is normal, the range of deviation will be considered from the maximum and minimum 

of the box plot. In summary, the range of deviation is: 

• Einscan HX  : -0.315mm to 0.409mm; RMS = 0.206 mm; Range = 0.724mm 

• Artec EVA-M  : -0.36mm to 0.371mm; RMS = 0.26 mm; Range = 0.731mm 

• Handyscan 700 : -0.449mm to 0.385mm; RMS = 0.181 mm; Range = 0.834 mm 

It can be seen that the two structured light-based scanners have a very similar range of deviations, 

while the Handyscan 700 deviations were about 0.1mm more. On average, the RMS value for the 

scanning deviation is about 0.22𝑚𝑚𝑚𝑚, and the average range of deviations from the scanners ranges 

from -0.375 mm to 0.388 mm, i.e., about 0.763mm.  
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Figure 5-14 - Box and whisker plots of deviation data from each scanner 

Hausdorff distance 

In the MeshLab environment, once the models were aligned, the Hausdorff distance filter was 

applied. The data extracted from MeshLab was then imported into Matlab to create the box and 
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whisker plots seen in Figure 5-15. All median values are approximately 0.1mm. In summary, the 

interquartile ranges are: 

• Einscan HX  : 0.045mm to 0.205 mm ; mean = 0.151 mm 

• Artec EVA-M  : 0.041 mm to 0.213 mm ; mean = 0.174 mm 

• Handyscan 700 : 0.051 mm to 0.212 mm ; mean = 0.154 mm 

 

Figure 5-15 - Box and Whisker plots of Hausdorff distances 
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The maximum and minimum value range are: 

• Einscan HX  : 0.448 mm ; mean = 0.151 mm 

• Artec EVA-M  : 0.472 mm; mean = 0.174 mm 

• Handyscan 700 : 0.455 mm ; mean = 0.154 mm 

On average, the deviation of the 3D printed model from the original STL can be said to be around 

0.46mm. In an interlaboratory study conducted by Soodmand et al. [87] on the reconstruction of 

femur models, it is mentioned that medical model reconstruction should be within the range of 1mm. 

Based on this consideration, the results show that the 3D printed model from medical image 

reconstruction is within acceptable levels of tolerance. 

CHAPTER 6:  CONCLUSION 

A literature study was conducted to determine the recent applications of AM within the medical field. 

The study found that there has been quite a significant amount of research regarding AM and 3DP 

applications in the medical sector, especially within tissue engineering and medical implants. In 

addition, the study showed a high focus in research globally on tissue engineering and medical 

implants. Countries such as China, the USA, Germany, the UK, and Italy have a higher number of 

publications in this regard. The literature study also showed the variety of AM technologies and the 

various materials that have been implemented in different medical applications. Another observation 

from the literature study is the popularity of opensource software for clinical studies.  

Similarly, a literature study was conducted to determine the recent applications of RE within the 

medical field. The most common uses of RE within the medical field were found to be for solid 

modelling, 3D printing, virtual surgery planning, quality control and generative design. The process 

of RE has both direct and indirect applications in the medical industry and is an excellent support 

technology for medical applications as it provides viable alternate methods for digital model creation 

for various purposes. 

A medical image was segmented, reconstructed to a 3D model, and successfully 3D printed using an 

industrial FDM printer. Medical image transformation has been demonstrated in this process. The 

printed model was successfully reverse-engineered for comparative deviation analysis and solid 

modelling purposes. The advantage, convenience and efficiency of non-contact scanning were 
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realised when conducting the experimental work for this thesis. The use of non-contact scanning is 

highly efficient for RE. 

The proposed solid modelling process using opensource software FreeCAD proved to be very useful 

as the results from this process matched the results from a directly converted STL file. Based on this 

method, the solid modelling of an anatomical structure (femur) was successfully conducted using the 

process of RE. 

The comparative deviation analysis was completed where a 3D printed model's deviations were 

successfully analysed using the RE and 3D scanning process. The results show that the scanners' 

range of deviations was found to be approximately -0.375 mm to 0.388 mm (range of about 0.763mm) 

with an average RMS of about 0.22 mm. The results showed that the mean deviation of the 3D printed 

model (based on 3D scanning) has an average range of about 0.46mm, with an average mean value 

of about 0.16 mm.  

In conclusion, all the aims and objectives of this thesis, i.e., a literature study on medical applications 

of AM and RE, the conversion process of medical image data for 3D printing purposes and the case 

study on RE of an anatomical structure for compatibility analysis have been conducted successfully. 

Future Works 

The methodology presented in this thesis is a robust and efficient one for comparative deviation 

analysis through RE. Each step in the process of medical image reconstruction and comparative 

deviation analysis through RE can be isolated and studied further. Possible future works based on this 

thesis are as follows: 

• Using the presented methodology to conduct deviation analysis on multiple samples using 

different AM technologies to create a broad data set. Thereafter integrate the data with Artificial 

Intelligence / Machine Learning algorithms to predict the deviation of the 3D printed model based 

on the AM technology utilised or other factors such as material, slicing height, etc. 

• Since medical image data are already in 2D slices, algorithms can be researched to move directly 

from pixel map data in 2D medical image slices to GCODE instead of 3D model reconstruction 

first. A possible avenue is to make use of geometric curves such as B-splines to trace the 

segmented area during segmentation and convert the resulting profiles to GCODE. Thereafter the 

presented deviation analysis through RE can be used to determine the deviations.  
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• Another possible area of research is to implement mathematic algorithms to improve the slicing 

process, similar to the methods presented by Manmadhachary et al. [59]. That is to smoothen the 

sliced profile by adding more points to interpolate between, and the presented deviation analysis 

through RE can be used to determine the deviations. 
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