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Abstract 
 

Introduction: Maxillofacial trauma can significantly impact a person's life, affecting vital functions such 

as vision, smell, hearing, speech, breathing, eating, and facial appearance. Treating such trauma is 

challenging since the face plays a key role in expressing emotions and identity. In South Africa, the 

impact of facial trauma is extensive, not only for individuals but also for their families. Many patients, 

especially those reliant on government healthcare, lack the funding to access advanced technologies 

for the manufacturing of external maxillofacial prostheses. Therefore, given the high costs, research 

is needed to identify cheaper production options that still produce quality prostheses. To improve 

access for patients with limited financial resources, identifying cost-effective alternatives is crucial 

while ensuring the quality of these prostheses matches industry-benchmarks. In this study, process 

chains incorporating medical image processing (MIP) and computer-aided design (CAD) software 

using computed tomography (CT) volumetric data were evaluated against the industry-benchmark, 

which combines Mimics and Geomagic Freeform software applications. Additionally, process chains 

using surface scan data in conjunction with CAD software were tested and compared to the industry-

benchmark. 

Main research question: The main research question probed in this study was: “Which process 

chain(s) can produce external maxillofacial prostheses of acceptable quality at a price relevant to the 

South African demography?” The answer to this question was explored by employing a design science 

research approach to find practical solutions to real-world problems, aligning with the pragmatic goal 

of generating useful, actionable knowledge with tangible outcomes. 

Methods: The objective was to determine which process chains could effectively meet the 

requirements for designing external maxillofacial prostheses. To systematically explore and validate 

affordable alternatives to the industry-benchmark, the research was divided into four distinct phases.  
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In Phase 1, MIP and CAD software with potential for inclusion in the test process chains were identified 

through a comprehensive systematic literature review. 

In Phase 2, MIP software was selected based on its features and ability to segment CT data obtained 

from two human subjects. Errors in the segmented geometries were evaluated using Meshmixer, while 

the alignment of the test geometries with the control mesh was analysed and compared using 

CloudCompare. 

In Phase 3, the selected CAD software was tested for its features and sculpting capabilities. Sculpting 

functionality was evaluated using an anti-oloid mesh as the test object. Meshmixer was also used to 

detect any errors introduced during the sculpting process. 

Finally, in Phase 4, 3D models of human ears and noses were designed using the potential alternative 

process chains, which combined the selected MIP and CAD software and compared them to the 

industry benchmark. Additionally, the process chains that used surface scan data and CAD software 

to design ears and noses were also compared to the industry-benchmark. The ears and noses 

produced by the different process chains were analysed using Meshmixer, CloudCompare, and 

Geomagic Control X. To further assess the performance of each process chain, an Unweighted 

Standardised Rating Index was calculated to rate the various process chains based on quality. The 

process chains were also compared based on cost. 

Results: Following a thorough examination of over 700 scholarly publications, 73 were found to be 

suitable for identifying MIP and CAD software that may be suitable for testing in process chains related 

to the manufacturing of external maxillofacial prostheses. By applying a stepwise process of excluding 

software that did not fit the criteria, five MIP (out of 21) and nine CAD software applications (out of 37) 

were chosen for testing besides the industry-benchmarks. After testing the MIP software mainly for 

their segmenting capabilities, 3D Slicer and InVesalius were selected for testing in process chains. 

The systematic comparison of CAD software for digital sculpting in the manufacturing of external 

maxillofacial prostheses revealed that 3D Coat and ZBrush should be tested in process chains. The 
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study's findings showed that the four test process chains combining MIP software with CAD software, 

and the two chains using scanned data with CAD software, produced products of comparable quality 

to those created by the control process chains. Among these, the combination of 3D Slicer with either 

3D Coat or ZBrush resulted in the highest quality products. In contrast, the combinations of InVesalius 

with ZBrush, as well as surface scan data with 3D Coat or ZBrush, yielded lower-quality outcomes. In 

terms of cost, surface scan data combined with 3D Coat was the most affordable option for the South 

African demographic. For CT data, however, the combination of 3D Slicer or InVesalius with 3D Coat 

was the most cost-effective. 

Significance: By identifying alternative, cheaper, and more readily available processes to produce 

maxillofacial prostheses, more patients suffering from facial trauma will be able to access these life-

changing technologies. When patients undergo reconstructive interventions, their self-esteem 

improves, which in turn helps them to reintegrate into society more quickly. 

Keywords: medical image processing software; computer-aided design software; external 

maxillofacial prostheses; process chains 
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Chapter 1  

Introduction to the Study 
 

1.1 Introduction 

A person's facial disfigurements have a significant effect on their psychosocial well-being. Because 

they are viewed as abnormal, society typically rejects these individuals. As a result, people with 

obvious facial malformations frequently experience anxiety, extreme despair, and low self-esteem 

(Sykes et al., 1972; Sarwer et al., 2022). Disfigurement, defined by the Collins Dictionary (2022), is "a 

part of someone's body which is not the normal shape because of injury or illness, or because they 

were born this way."  

Worldwide, the prevalence of trauma is still rising. Facial trauma is a major health problem that is often 

associated with incidents such as vehicle accidents, assaults, and cancer (Yadav & Shrestha, 2017; 

Al-Ali et al., 2022). Any damage to the soft and hard tissues of the jaws, face, and other corresponding 

structures is referred to as maxillofacial trauma (Pillay et al., 2018). All the soft tissues of the face, 

including the frontal, nasal, zygomatic, ethmoid, maxillary bones, and mandible, are included in the 

maxillofacial region (Gokharman et al., 2023). Abrasions, burns, lacerations, bruising, avulsions, and 

missing tissues are examples of soft tissue injuries. Hard tissue injuries include dental trauma, 

temporomandibular joint dislocations, and fractures of the bony maxillofacial complex (Pillay et al., 

2018; Gómez Roselló et al., 2020). The primary salivary glands, blood vessels, cranial nerves, 

muscles, connective tissue, facial bones, and the sensory organs, namely the eyes, ears, and nose, 

can all be impacted by these soft and hard tissue injuries in the face (Hogg & Horswell, 2006). Losing 

the auricle, nasal, and orbital anatomy can significantly impact an individual's life.  
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There are several different causes of maxillofacial trauma that have been reported in the literature. 

Among the significant factors that contribute to facial trauma statistics are burns, road traffic accidents, 

assaults (including firearm injuries), and cancer (Al-Ali et al., 2022; Gokharman et al., 2023). 

Congenital disorders, accidents at work, falls, sports injuries, animal attacks by both domestic and 

wild animals, and freak accidents are some more causes of facial disfigurements. Severe burns 

accounted for approximately 11 million medical admissions worldwide in 2004 alone and are the fourth 

most common cause of injuries behind road traffic accidents, falls, and interpersonal violence (Peck, 

2011). Both in industrialised and developing nations, burn injuries continue to be a serious public 

health concern (Iqbal et al., 2013). Despite a worldwide decline in burn injuries, Africa still experiences 

approximately twice the global average when considering disability-adjusted life years (James et al., 

2020; Jeschke et al., 2020; Chen et al., 2022). South Africa has exceptionally high rates of burn injury 

morbidity, which remain a significant concern (Angelou et al., 2022; Davies et al., 2024). Burns 

represent 3.2% of all occurrences of facial trauma in South Africa each year, of which the majority of 

victims are children and young people (Teo et al., 2012; Alemayehu et al., 2020). The leading causes 

of burns in South Africa include fires caused by kerosene (paraffin) cookstoves and unattended 

candles in crowded informal housing settlements (Maritz et al., 2012). These fires are frequently 

triggered by alcohol and drug intoxication (Davies et al., 2024). The statistics of face trauma patients 

in South Africa include not only burns but also high rates of road traffic accidents and attacks, 

especially in disadvantaged communities.  

Road traffic deaths and injuries remain a significant global health challenge. An estimated 1.19 million 

road traffic deaths occurred in 2021 (Supramaniam et al., 2024). According to the World Health 

Organization, 3 000 individuals lose their lives daily on the roads, with a minimum of 30 000 others 

sustaining serious injuries or becoming disabled. Annually, over 1.2 million people die, while an 

additional 50 million suffer severe injuries (World Health Organization, 2023). More than half of the 

individuals impacted have experienced multiple traumas and need interdisciplinary treatment from 
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trauma surgeons, otolaryngologists, plastic surgeons, ophthalmologists, anaesthesiologists, and oral 

and maxillofacial surgeons (Malik et al., 2017). Underdeveloped nations have considerably higher 

incidences of road traffic accidents, ranging from approximately 55 to 91% (Lee et al., 2017). South 

Africa had a 2.2% increase in traffic fatalities on the road when comparing statistics from 2019 and 

2021, and 26.2% more in 2021 compared to 2020 (Road Traffic Management Corporation, 2022).  

Assault acts of interpersonal violence, intimate partner (domestic) violence, gender-based violence, 

and violence against children are increasingly acknowledged as significant factors contributing to facial 

trauma and deformities. Many of these assaults involve the use of illegal firearms (Tobin-Tyler, 2023). 

According to a study conducted by Pillay et al. (2018) at Zithulele Hospital, Eastern Cape in South 

Africa, interpersonal violence accounted for most maxillofacial trauma cases at 55%, followed by road 

traffic accidents at 16%, falls at 10%, and injuries caused by animals at 4%. These results demonstrate 

how critical it is to address violence and enhance safety protocols in order to lower these kinds of 

incidents (Lanchimba et al., 2023; Cookson et al., 2024). Maxillofacial trauma is a common occurrence 

in the rural areas of South Africa, with interpersonal violence being the primary cause. Men aged 

between 18 and 24 years are frequent victims (Pillay et al., 2018).  

One of the leading causes of maxillofacial trauma worldwide is cancer. Melanoma of the skin is the 

17th most prevalent form of cancer globally, which is the 13th most common in men and the 15th most 

common in women (World Cancer Research Fund International, 2020). The number of newly 

diagnosed cases of melanoma is anticipated to increase by 7.3% in 2024 (Siegel et al., 2024). Skin 

cancer occurrences have intensified due to South Africa's high ambient ultraviolet (UV) radiation 

environment (Gordon et al., 2016). Although white individuals are most susceptible to skin cancer, it 

can affect any individual regardless of their skin colour (Gordon et al., 2016). The highest occurrence 

of squamous cell carcinoma, basal cell carcinoma, and cutaneous melanoma is in white people, 

followed by coloured people, and has considerably lesser incidence in black and Asian/Indian 
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populations (Norval et al., 2014; Ndlovu et al., 2022; Statistics South Africa, 2023). The most common 

type of skin cancer in black people is squamous cell carcinoma. Unfortunately, many black South 

Africans tend to delay seeking medical help, which can result in advanced-stage melanoma metastasis 

(Gordon et al., 2016; The Skin Cancer Foundation, 2024). This can lead to the growth of large 

cancerous tumours, which can cause significant facial trauma and deformity. 

Maxillofacial trauma can affect an individual in significant ways. It disrupts several vital bodily functions 

essential for daily activities, such as breathing, eating, speaking, hearing, smelling, vision, and facial 

appearance (Yadav & Shrestha, 2017; Cristache et al., 2021; Pan et al., 2022). Treatment for 

maxillofacial trauma is challenging and complex since the face is an integral part of who people are 

and how they express emotions (De et al., 2023). A patient with maxillofacial trauma may need multiple 

constructive and plastic surgeries, which can lead to prolonged hospital stays (Al-Ali et al., 2022). The 

effective management of maxillofacial trauma requires coordinated care from various disciplines 

(Malik et al., 2017).  

1.2 Problem statement 

External maxillofacial prosthesis manufacture has been practiced for several decades. The traditional 

approach is creating wax replicas and employing carving methods (Sakib-Uz-Zaman & Khondoker, 

2023). These traditional methods include several challenging processes and depend on a clinician's 

expertise and a designer's artistic aptitude (Ozdemir-Karatas et al., 2011; Cristache et al., 2021). 

These steps involve creating a duplication of the affected area by taking an impression of the area, 

modelling a clay or wax model of the anatomical structure(s) for which a prosthesis will be constructed, 

producing a mould of the clay or wax model, and finally fabricating the prosthesis in the desired 

material (Liacouras et al., 2011). A human likeness is hand-painted onto the prosthesis once it has 

been created. These traditional carving techniques are time-consuming and uncomfortable for 

patients, requiring them to be present for lengthy periods (Liacouras et al., 2011; Goyal et al., 2014). 
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Innovative approaches to the manufacturing of external maxillofacial prosthetics have been made 

possible by new and sophisticated technologies. Technologies such as digital imaging, computer-

aided design (CAD), computer-aided manufacturing (CAM), and additive manufacturing (AM) have 

changed the landscape of external maxillofacial prosthesis reconstruction (Bai et al., 2014; Cruz et al., 

2020c). Although AM technologies have been available for many years, they have become powerful 

and valuable tools in medical product development and prosthesis manufacturing (Petrovic et al., 

2012). Furthermore, with newer materials and techniques available, external maxillofacial prostheses 

can be custom-made to fit a patient's unique anatomy with greater flexibility (Cruz et al., 2020b; 

Generalova et al., 2024). The implementation of medical image processing (MIP), CAD, and AM 

technologies has primarily replaced traditional carving techniques, resulting in less invasive and time-

consuming procedures that are rapidly gaining popularity among medical practitioners (Petrovic et al., 

2012; Cristache et al., 2021).  

In South Africa, the effects of facial injuries and deformity are far-reaching, impacting not just the 

individual but also their extended family. The economic ramifications of this impact include lost pay, 

prolonged care for the individual while they cope with emotional stress, and the commitment of family 

resources (Yadav & Shrestha, 2017). These people frequently go to doctors in search of reconstructive 

procedures to enhance their physical appearance. Nevertheless, many South African patients, 

particularly those who receive government funding and who need external maxillofacial reconstruction, 

do not have access to these cutting-edge treatments. As a result, protocols and procedures that can 

help these patients get the appropriate medical care must be developed. Research is required to find 

less expensive production techniques that produce prostheses of acceptable quality, as these 

procedures can be costly. Despite the growing use of digital technologies in face prosthesis 

production, little is known about the low-cost process chains involved in facial prosthesis 

manufacturing (Jablonski et al., 2023). 
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1.3 Aim of this study 

The external maxillofacial prosthesis production process requires an interdisciplinary team of 

professionals to generate digital data and produce a prosthesis. Engineers, designers, and medical 

professionals are among the experts participating in this process. A production process chain's 

primary activities are acquiring and processing digital data, designing a digital geometry, and 

manufacturing an external maxillofacial prosthesis. There are several options for every process chain 

event, some of which are more expensive than others. To increase the accessibility of these 

prostheses for patients with low financial resources, alternative and less costly choices for each step 

in the process chain are essential. However, as external maxillofacial prostheses are meant to be 

used by patients, the quality of medical items produced using alternative choices has to meet standard 

options with the International Organization for Standardization (ISO) certification. As such, the 

following was the primary research question that this project posed:  

Which process chain(s) can produce external maxillofacial prostheses of acceptable 

quality at a price relevant to the South African demography? 

To answer this question entailed testing several potential alternative process chains with pertinent 

digital technologies to provide patient-specific, high-quality, and affordable external maxillofacial 

prostheses.  

To achieve the aim of this study, the following objectives were devised:  

1. To conduct a comprehensive systematic review of the literature to identify commonly used 

MIP and CAD software with the potential to be tested in process chains for the manufacture 

of external maxillofacial prostheses; 
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2. To select and evaluate MIP software based on specific criteria related to software features 

and digital segmentation functionality; 

3. To select and evaluate CAD software based on specific criteria related to software features 

and digital sculpting capabilities; and 

4. To evaluate the selected MIP and CAD software as well as different data options within 

process chains to identify alternatives that compare favourably with industry-benchmark 

software, thereby enhancing patient access to external maxillofacial prostheses. 

1.4 Summary of the methods 

The aim of this research project was to design one or more cost-effective process chains for the 

manufacturing of affordable external maxillofacial prostheses, focusing on the use of low-cost 

software. This design science research (DSR) project sought practical solutions to real-world 

problems, aligning with the pragmatic approach of generating useful, actionable knowledge that has 

tangible outcomes. To systematically explore and validate affordable alternatives to existing industry-

benchmarks, the study was structured into four distinct phases: 

•           Phase 1: Selection of potential MIP and CAD software  

A comprehensive systematic review of the literature was conducted to identify commonly used MIP 

and CAD software with the potential for inclusion in the process chains. This phase established the 

foundation for software testing in the subsequent stages. 
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•           Phase 2: Evaluation of potential MIP software  

In this phase, computed tomography (CT) data from two human subjects were obtained and used to 

test the MIP software. The selection of software was based on specific criteria, particularly its features 

and segmentation functionality. 

•           Phase 3: Evaluation of potential CAD software  

This phase focused on testing CAD software, selected according to its features and sculpting 

capabilities. The goal was to assess which software could adequately meet the requirements for 

designing external maxillofacial prostheses. 

•           Phase 4: Identification of cost-effective process chains  

In the last phase, potential alternative process chains were produced. These process chains were 

evaluated using both surface scan and volumetric CT data. These models were assessed in 

comparison to those generated by the industry-benchmark. The investigation revealed alternate 

process chains that performed favourably in comparison to the industry-benchmark, offering a more 

accessible solution to produce external maxillofacial prostheses.  

1.5 Limitations and delimitations 

In this study, only the production process chains used for manufacturing external maxillofacial 

prostheses were considered, while the manufacturing of internal maxillofacial prostheses was 

excluded. Furthermore, the retention of prostheses was also excluded from this study. The AM of 

external maxillofacial prostheses was not evaluated in this study. 
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1.6 Value of study 

A maxillofacial prosthesis can be costly because they are custom-made. Many South African patients 

depend on government support, and obtaining the expensive technologies required to produce these 

prostheses is difficult. The development of substitute, more affordable, and easily accessible 

manufacturing methods for maxillofacial prostheses will increase the number of individuals with facial 

disfigurements who can benefit from these transformative technologies. Reconstructive procedures 

boost patients' self-esteem, which facilitates their quicker reintegration back into society. 

1.7 Ethical considerations 

The Faculty Research and Innovation Committee of the Central University of Technology, Free State, 

granted the ethical clearance with the reference number FHES2017001 (Appendix A). Ethical 

clearance was also obtained and granted by the Health Sciences Research Ethics Committee of the 

University of the Free State in April 2018, with reference number UFS-HSD2018/0051/2404 (Appendix 

B). All the datasets collected with a CT and handheld structured light scanner were handled 

confidentially, and no identifying information was captured. All the participants were given a project 

information sheet to read before any data collection commenced (Appendix C). Written informed 

consent was obtained from all the participants on the day the datasets (CT volumetric dataset and 

handheld surface scan datasets) were captured (Appendix D and E). 

1.8 Funding 

This research project received financial support from the South African Research Chair’s Initiative of 

the Department of Science and Innovation and National Research Foundation of South Africa (DST-

NRF Innovation Doctoral Scholarship [Reference: SFH180602339062, Grant №: 118360]); the 

Council for Scientific and Industrial Research (CSIR), and Collaborative Programme in Additive 
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Manufacturing (CPAM) [Contract № CSIR-NLC-CPAM-15-MOA-CUT-01]; and the Central University 

of Technology, Free State Research Grant Scheme. 

1.9 Layout of thesis 

This thesis is arranged into eight chapters: 

Chapter 1: Introduction to the study 
 

This chapter provides background information about the research question, the problem 

statement, the aim of the study, and the main objectives performed to meet the aim. 

Chapter 2: Literature review 
 

This chapter provides an overview of the background for the research. Several topics are 

covered and discussed in this chapter. These topics include: the conventional carving 

techniques; the use of digital imaging technologies such as CT and magnetic resonance 

imaging (MRI) scanning, structured light scanning, and photogrammetry for digital data 

capturing; MIP and CAD software used to design digital geometries to manufacture 

maxillofacial prostheses; AM and 3D printing processes used to manufacture maxillofacial 

prostheses; and the future of maxillofacial prosthesis design and manufacturing. 

Chapter 3: Study design and conceptual framework 
 

In this chapter, the theoretical paradigms, research methodology, study design, and data 

collection methods are discussed. 

Chapter 4: Medical image processing and computer-aided design software selection 
 

In this chapter, a systematic review of the literature revealing the most relevant MIP and CAD 

software used when manufacturing maxillofacial prostheses is presented. This review was 

used to identify MIP and CAD software for inclusion in the study.  
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Chapter 5: Medical image processing software evaluation 
 

In this chapter, the results of the evaluation of the MIP software are presented. These 

evaluations were based on software functionality, accuracy, and quality of the industry-

benchmark software. 

Chapter 6: Computer-aided design software evaluation 
 

In this chapter, the results of the evaluation of the CAD software are presented.  These 

evaluations were based on software functionality, accuracy, and quality of the industry-

benchmark software. 

Chapter 7: Alternative process chains for external maxillofacial prosthesis manufacturing 

In this chapter, the results of the evaluation of the potential alternative process chains are 

compared with the industry-benchmark (control) process chain to select alternative process 

chains of acceptable quality at a price relevant to the South African demography. 

 
Chapter 8: Discussion and conclusion 

This chapter discusses the research findings, the study's limitations, and future research 

avenues. 

 

The content of Chapters 3 and 4 was reported on in two accredited international conferences: 

• Van Heerden, Fossey, Van der Walt, 2018. Maxillofacial prostheses production through 

computer-aided design and manufacturing technologies – review of state of the art. 

RAPDASA 2018 Conference Proceedings, pp.77 – 83. ISBN 978-0-620-80987-0. (Appendix 

F). 

 

• Van Heerden and Fossey, 2019. Changing world of external maxillofacial prosthesis 

manufacturing. RAPDASA 2019 Conference Proceedings, pp.362 – 370. ISBN 978-0-

6398390-0-4. (Appendix G). 
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Appendixes 

A: Ethical approval from the Central University of Technology, Free State. 

B: Ethical approval from the University of the Free State. 

C: Project information brochure. 

D: Participant consent form for collecting CT volumetric data. 

E: Participant consent form for collecting surface scan data. 

F: RAPDASA 2018 Conference Proceedings Article. 

G: RAPDASA 2019 Conference Proceedings Article. 
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Chapter 2  

Literature Review 
 

2.1 Introduction to the literature review 

External maxillofacial prostheses are critical advancements in medical technology that address the 

needs of people with facial disfigurements brought on by disease, trauma, or congenital conditions. 

Giving these people access to high-quality prosthetic solutions can significantly improve their quality 

of life by enhancing both their physical and mental appearance (Prakash et al., 2021). 

The use of maxillofacial prostheses can significantly enhance a patient's quality of life and self-esteem 

by addressing deformities caused by trauma or surgical procedures. These prosthetic solutions play 

a crucial role in improving a patient’s overall well-being (De Caxias et al., 2019). Maxillofacial 

prostheses are categorised as either restorative or complementary, depending on their intended 

purpose. Maxillofacial reconstruction involves creating artificial replacements for both internal and 

external structures, including implants for the maxilla, mandible, oesophagus, cranial bones, palate, 

as well as the eyes, ears, and nose (De Caxias et al., 2019; Pawar et al., 2023). Typically, these 

extraoral prostheses are crafted from acrylic resin and silicone, tailored to fit the patient's unique facial 

structure (Pawar et al., 2023). They are secured and supported by various means, such as osseo-

integrated implants, the remaining skin with or without adhesive, body cavities, and teeth (Fernández-

Cedrón Bermejo et al., 2024). Over the years, a variety of techniques, materials, and clinical methods 

have been utilized in the design and manufacturing of maxillofacial prostheses. 

Restorative prostheses are designed to replace lost bone or to correct facial deformities. They can be 

either placed internally within the tissue or externally as oral, ocular, or facial prostheses. According 

to De Caxias et al. (2019), complementary prostheses support plastic surgery patients prior to, during, 
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and after the procedure, as well as during radiation treatments. The overall design of the prosthesis 

and the mechanical and physical characteristics of the materials employed play a major role in the 

outcome of prosthetic rehabilitation (Annamma et al., 2024). Research and development in this field 

are driven by the goal of finding a maxillofacial prosthetic material that closely resembles the 

appearance and properties of the afflicted tissues. 

In the field of maxillofacial reconstruction, innovative technologies such as digital imaging, computer-

aided design (CAD), computer-aided manufacturing (CAM), and additive manufacturing (AM) have 

opened novel approaches to producing external maxillofacial prostheses (Bai et al., 2014; Cruz et al., 

2020a). AM technologies have evolved into powerful and valuable tools for medical product 

development and prosthesis manufacture (Petrovic et al., 2012). Furthermore, with new materials and 

processes, external maxillofacial prostheses can be tailored to a patient's specific anatomy with 

greater flexibility (Cruz et al., 2020c). The use of medical image processing (MIP), CAD, and AM 

technologies has largely superseded conventional carving processes, resulting in less invasive and 

time-consuming treatments that are rapidly gaining appeal among medical professionals (Petrovic et 

al., 2012). 

2.2 Past techniques used in maxillofacial prosthesis design and 

 manufacturing 

A prosthesis is an artificial device that replaces missing anatomical parts in the human body. The term 

prosthesis is derived from the Greek word 'prostithenai,' meaning addition, application, or attachment 

(Muneer & Pearce, 2016). The earliest discovery of facial prostheses production to reconstruct facial 

deformities was in 3000 B.C.E. during the Egyptian dynasty, and it was made from various materials 

found throughout that time (Dostalova et al., 2011). During the sixteenth century, more in-depth 

research on maxillofacial prostheses was undertaken, and the evidence was documented. The famous 
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French surgeon Ambroise Paré (1510 - 1590) first described nasal prostheses made from gold, silver, 

and "paper mâché" (Dostalova et al., 2011). These prostheses were held in place on the face with a 

string tied around the patient's head.  

During the 20th century, a major revolution in maxillofacial prosthesis manufacturing was the use of 

silicone. Barnhart, in 1960, pioneered the use of silicone materials for the creation of maxillofacial 

prostheses (Mitra et al., 2014). Barnhart was among the first to explore its applications in the field of 

prosthetics. His work demonstrated the potential of silicone rubber as a material for fabricating 

maxillofacial prostheses, which was a significant advancement in the field. The use of silicone offered 

improved biocompatibility, durability, and flexibility, making it a superior material for facial 

reconstruction and prosthetic devices. Its success in providing a more natural appearance and 

enhancing patient comfort led to further research into alternative materials such as polyurethane 

(Gonzalez, 1978), phenylene (Lewis & Castleberry, 1980), and modified polysiloxane elastomers 

(Lontz, 1990). 

Successful facial rehabilitation hinges on a well-devised treatment plan that integrates both surgical 

and prosthetic components. However, practitioners often overlook fundamental principles of prosthetic 

design (Gowd et al., 2017). In the late 19th century, Claude Martin pioneered a technique for creating 

facial prostheses using living bone and muscle, involving the surgical removal of the maxilla and 

mandible to facilitate complex facial reconstructions. While this approach remains in practice today, it 

often led to significant trauma and deformity at the donor site, as well as prolonged recovery times 

(Dostalova et al., 2011). Despite advancements in surgical interventions to address facial trauma and 

deformities, aesthetic outcomes can still be unsatisfactory, frequently necessitating multiple 

procedures (Annamma et al., 2024). Thus, a combination of surgical reconstruction and external 

prostheses is essential for restoring both aesthetics and functionality for patients with facial 

deformities. 
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Prosthetic rehabilitation has emerged as a compelling alternative to major surgery, particularly for 

patients with severe functional and aesthetic defects (Leonardi et al., 2008). This approach not only 

aids in the patient's psychological recovery but also fosters social acceptance and reintegration 

(Leonardi et al., 2008; Goiato et al., 2009). The creation of maxillofacial prostheses typically involves 

a collaborative effort among maxillofacial surgeons, implantologists, prosthodontists, and clinical 

technicians. The early 20th century saw the introduction of synthetic polymer prostheses, which 

significantly improved performance and ultimately replaced natural materials that had been in use for 

millennia (Li et al., 2023). These prostheses can be pre-fabricated and applied immediately post-

surgery, offering protection to the surgical cavity. 

2.3 Traditional techniques used in maxillofacial prosthesis design 

 and manufacturing 

Traditionally, the manufacturing of maxillofacial prostheses has predominantly involved subtractive 

processes. These methods involve removing excess material from a preliminary three-dimensional 

model to create the desired artefact, with the techniques varying based on the specific type of 

disfiguration being addressed (Al Mardini et al., 2005; Zardawi, 2012). Typically, external maxillofacial 

prostheses are crafted by hand, involving the carving of the missing anatomical features in wax to 

create a mould into which pigmented silicone elastomer is poured (Jindal et al., 2018). This 

conventional method comprises multiple intricate steps and is labour-intensive, relying significantly on 

the artistic skills of maxillofacial technicians and clinicians (Ozdemir-Karatas et al., 2011; Cristache et 

al., 2021; Jablonski et al., 2021). 

The process begins with taking a precise impression of the area needing a prosthesis. The selection 

of appropriate impression materials depends on the defect's location, size, and the presence of any 

undercuts. Materials range from flexible substances such as hydrocolloid alginates and elastic silicone 
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polymers to rigid ones such as plaster of Paris (Zardawi, 2012). While plaster of Paris can capture fine 

details, its rigidity poses challenges when severe undercuts are present, potentially damaging soft 

tissues or breaking the impression material during removal. Consequently, flexible, or elastic materials 

are preferred in cases of significant undercuts. 

Pre-surgical impressions preserve the details of the area to be replaced. A positive stone plaster model 

is cast from the negative impression, serving as a reference for sculpting the anatomy in wax or clay. 

This model is meticulously carved to replicate the natural morphological details (Zardawi, 2012). 

Maxillofacial technicians often create these details using photos, pre-operative moulds, or similar 

anatomical structures from the patient's relatives. The wax or clay model's fit is then verified on the 

patient before being transferred into the final silicone material through conventional flasking methods. 

After removing the wax and lubricating the cast, silicone rubber mixed with skin colouring agents is 

applied, with the prosthesis being finished by hand to match the patient's skin tone (Zardawi, 2012; 

Zardawi et al., 2015a; Pawar et al., 2023). 

Despite its widespread use, traditional maxillofacial prosthesis manufacturing has several limitations. 

It is an expensive, time-consuming process requiring significant technical skill (Jablonski et al., 2023). 

Patients often experience discomfort during the impression-taking process due to the weight of the 

impression material and, in some instances, they have trouble breathing due to the impression 

material's obstruction in the airway (Feng et al., 2010). Additionally, inaccuracies can occur due to 

soft-tissue compression, reflex movements, or lack of structural support during impression-taking 

(Jablonski et al., 2021). Over time, these prostheses deteriorate, with changes in colour and 

consistency leading to mismatches with the patient's skin. Prolonged contact with human skin and 

mucosa, along with exposure to environmental factors and daily handling, accelerates this degradation 

(Zardawi et al., 2015b).  
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2.4 New technological advances in prosthesis design and 

 manufacturing 

The manufacturing of a maxillofacial prosthesis involves a multi-step process that integrates various 

advanced technologies, including medical imaging, MIP, CAD, and AM. In this process, a prosthesis 

is produced that is anatomically accurate, aesthetically pleasing, and functionally effective. The 

process is complex and requires the use of cutting-edge technologies to create custom, high-quality 

prosthetic devices. Each step, from data acquisition to final fitting, is critical in ensuring that the 

prosthesis meets the functional and aesthetic needs of the patient. The key steps include data 

acquisition, image processing and segmentation, prosthesis design, prosthesis manufacturing, and 

prosthesis fitting and adjustment. 

2.4.1 Data acquisition 

To acquire anatomical medical images in the initial step of the process involves acquiring high-

resolution medical images of the affected area. In recent decades, advancements in medical imaging 

have been instrumental in accurately capturing intricate details of human anatomy beyond traditional 

two-dimensional (2D) images (Hussain et al., 2022; Suresh et al., 2022). Digital Imaging and 

Communications in Medicine (DICOM) files obtained from computed tomography (CT) and magnetic 

resonance imaging (MRI) are the world's leading standard for medical imaging information (Kamio et 

al., 2020). The use of DICOM files has revolutionised the visualisation of clinical images in three-

dimensions (3D), leading to the widespread use of volumetric models (Hussain et al., 2022).  

Besides acquiring CT or MRI images, surface scanning can be employed to capture the external 

geometry of the patient's face. Handheld scanners, such as the Artec Spider, use structured light or 

laser technology to create a detailed 3D model of the facial surface (Erolin, 2023; Schipper et al., 

2024). These tools are valuable for generating high-quality datasets with fine surface details and even 
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colour, which are essential for the effective assessment and planning of prostheses design and 

manufacturing (Farook et al., 2020; Erolin, 2023). Surface scanners, typically handheld laser, or 

structured light scanners, are portable and fast, making them advantageous for capturing digital data. 

High-end scanners produce highly accurate results in terms of colour and texture capture with high 

mesh accuracy (AlShaibani et al., 2021; Unkovskiy et al., 2022; Schipper et al., 2024). However, they 

have limitations in capturing extremely dark, transparent, or shiny surfaces and do not obtain internal 

features such as CT or MRI scans (Paxton et al., 2022; Erolin, 2023). 

Another technology that is also used to capture surface anatomical data is photogrammetry. 

Photogrammetry involves taking numerous 2D images of an object from various angles to produce a 

3D reconstruction. This technology is widely accessible and can be used with smartphones and free 

software (Farook et al., 2022; Erolin, 2023). One of its primary advantages is its ability to capture the 

colour of the object being scanned and produce high-quality texture maps, making it a preferred choice 

for creating detailed 3D models (Unkovskiy et al., 2022). However, photogrammetry may struggle to 

adequately capture translucent and glossy surfaces, as well as holes and undercuts (Paxton et al., 

2022). 

2.4.2 Image processing and segmentation 

Medical image processing software plays a critical role in the visualisation, analysis, and interpretation 

of medical imaging data. These software applications convert raw imaging data from modalities such 

as CT, MRI, and ultrasound into meaningful visualisations that assist in diagnosis, treatment planning, 

and research (AlShaibani et al., 2021). The processing involves various techniques such as image 

reconstruction, segmentation, registration, and enhancement to produce clear and accurate 3D 

models of anatomical structures (Zhou et al., 2016). The segmentation process involves delineating 

the region of interest (ROI), segmenting stacked 2D images, and then converting them into a 3D model 

format, typically the stereolithography (STL) file format, which is the most used file format for 3D 

© Central University of Technology, Free State



C h a p t e r  2 :  L i t e r a t u r e  R e v i e w   P a g e  | 20 

 

printing (Kamio et al., 2020). This conversion is necessary to bridge the gap between medical imaging 

and 3D modelling using CAD software (Kamio et al., 2020; Paxton et al., 2022). Although CT and MRI 

scans capture both internal and external features, they do not record colour information, which can 

make manual segmentation time-consuming (Hussain et al., 2022).  

2.4.3 Prosthesis design  

After segmenting the ROI, CAD software was used to design the 3D model of the prosthesis. These 

tools facilitate the translation of anatomical data into functional designs that can be manufactured 

using various techniques, including 3D printing, and milling (Zhou et al., 2016; AlShaibani et al., 2021). 

The software is used for detailed sculpting, texturing, and refinement of the prosthesis model, ensuring 

that it matches the patient’s anatomy accurately and aesthetically (Pilgway, 2021; Pixologic, 2021). 

The digital model is customised to ensure a proper fit and functionality. This may involve virtual fitting 

sessions where the prosthesis model is superimposed onto the patient's digital facial model to check 

for alignment and comfort (Blender Foundation, 2021). 

2.4.4 Prosthesis manufacturing 

After the design step, AM technologies are used to print the finished 3D model. Depending on the 

production strategy, this step may involve printing negative moulds that are later used for casting or 

directly printing the prosthesis itself (Unkovskiy et al., 2018). For negative mould printing, materials 

such as high-strength resins or thermoplastics are typically employed to ensure precision and 

durability during the casting process. Once the mould is ready, biocompatible silicone or other suitable 

polymers are cast into it to create the prosthesis (Das et al., 2023). Alternatively, direct 3D printing of 

the prosthesis can be done using biocompatible materials that offer flexibility and skin-like texture 

(Unkovskiy et al., 2018). Following printing, the prosthesis goes through post-processing procedures 

such as cleaning, curing, and finishing (Generalova et al., 2024). This could entail applying skin-like 
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textures and colours to match the patient's complexion in addition to making manual modifications to 

improve the fit and appearance (Zardawi, 2012). 

2.4.5 Prosthesis fitting and adjustment 

The newly produced prosthesis is finally fitted to the patient to check proper aesthetic alignment and 

comfort. Any necessary adjustments are made to ensure that the prosthesis is functional and 

satisfactory (Jablonski et al., 2021). Once the trial fitting is successful, the prosthesis is finalised and 

delivered to the patient. Instructions for care and maintenance are provided to ensure the longevity 

and effectiveness of the prosthesis (Pawar et al., 2023; Chander et al., 2024). 

2.5 Advances in medical software  

Advancements in the development of advanced medical software have transformed the process chain 

for prosthesis manufacturing. Software provides a robust foundation for digital prosthesis design and 

manufacturing of maxillofacial prostheses. The current industry-benchmark for medical imaging and 

processing software is Mimics, developed by Materialise (Bertolini et al., 2021; Buonamici et al., 2022). 

Mimics is widely recognised for its robust capabilities in handling complex segmentation tasks, 

converting DICOM files into 3D models, and preparing models for 3D printing (Mandolini et al., 2022). 

Its applications span across orthopaedics, cardiovascular, cranio-maxillofacial surgery, and other 

medical fields. The software is praised for its precision and the quality of its outputs, which is critical 

for creating patient-specific prostheses, making it a preferred choice in clinical and research settings 

(Marro et al., 2016; Nikitichev et al., 2018). 

The current industry-benchmark CAD software in the medical field is Geomagic Freeform, developed 

by 3D Systems, Inc. It is renowned for its powerful digital sculpting and design tools, which allow for 

the creation of highly detailed and anatomically accurate models. Geomagic Freeform supports a 

range of file formats and integrates well with other software and hardware used in medical 
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manufacturing, making it a versatile tool for maxillofacial prosthesis design and other applications 

(Memon et al., 2020). The integration of CAD software into prosthesis manufacturing has transformed 

the field, enabling the production of highly customised, patient-specific prostheses on demand with 

high repeatability. 

2.5.1 Strengths and limitations of the industry-benchmarks 

Mimics is known for its advanced capabilities in processing and analysing medical images, making it 

a valuable tool in surgical planning and anatomical modelling. On the other hand, Geomagic Freeform 

excels in complex 3D design and haptic modelling, providing exceptional versatility in the creation of 

highly detailed and personalised prostheses. The main strengths and weaknesses of these industry-

benchmark programs are listed in Table 2.1. The table outlines the unique features of each software 

program and considers the advantages and limitations within external maxillofacial prostheses 

manufacturing. 

Table 2.1 Key strengths and weaknesses of the industry-benchmark software 

Key strength Description Reference 

Precision and 

accuracy 

Both Mimics and Geomagic Freeform offer high precision.  

Mimics excels in converting medical imaging data into 

accurate 3D models, while Geomagic Freeform provides 

detailed sculpting tools that are essential for creating 

anatomically accurate prostheses. 

Marro et al. (2016) 

 

Comprehensive 

toolsets 

Mimics includes a range of tools for segmentation, analysis, 

and 3D printing preparation.  

Similarly, Geomagic Freeform offers advanced sculpting, 

surface modelling, and voxel-based design tools that enhance 

the design process. 

Nikitichev et al. 

(2018) 

 

Integration and 

compatibility 

Both software applications integrate well with other systems 

and devices used in medical imaging and manufacturing, 

Memon et al. 

(2020) 
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facilitating a seamless workflow from image acquisition to final 

product creation. 

Key weakness Description Reference 

Cost One of the significant limitations of these industry-benchmarks 

is their high cost.  

The expense associated with purchasing and maintaining 

these software solutions can be prohibitive, especially for 

institutions and practitioners in low-resource settings. 

Marro et al. (2016) 

 

Complexity The advanced features and comprehensive toolsets come 

with a steep learning curve.  

Users often require extensive training to effectively use all the 

capabilities of Mimics and Geomagic Freeform, which can be 

a barrier for new users. 

Nikitichev et al. 

(2018) 

 

Resource 

requirements 

Both software applications require high-performance 

computing resources to operate efficiently, which can be 

another barrier for institutions and practitioners with limited 

technological infrastructure. 

Marro et al. (2016) 

 

 

 

2.5.2 MIP software alternatives to industry-benchmark 

Medical image and processing software play a key role in transforming raw image data into detailed 

3D models essential for diagnostic and therapeutic purposes. The industry-benchmark Mimics has 

traditionally dominated the field because of its accurate and robust qualities (Bertolini et al., 2021; 

Buonamici et al., 2022). The software supports the creation of custom prostheses by allowing for the 

direct translation of anatomical models into designs that can be 3D printed (Zabala-Travers, 2021). 

Research has demonstrated that the use of Mimics in the construction of maxillofacial prostheses 

leads to high accuracy and faster prosthesis production (Buffinton et al., 2023). However, the 

investigation into more affordable and accessible alternatives has become necessary because of the 

high cost and complexity of this software (Mandolini et al., 2022; Yap Abdullah et al., 2024). There are 
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several MIP software alternatives that hold promise for providing comparable functionality to Mimics 

that could be considered for prosthesis manufacturing (Table 2.2). Each software has unique strengths 

that cater to different aspects of medical image processing, making them suitable for various clinical 

and research applications. 

Table 2.2 Alternative MIP software to the industry-benchmark 

Software  Description 

3D Slicer 3D Slicer is an open-source software platform for the analysis and visualisation of 

medical images. It is widely used in research because of its flexibility and 

extensibility through plugins. 

Versatility and cost-effectiveness: As an open-source platform, 3D Slicer is 

accessible and cost-effective. It supports various modules for image segmentation, 

3D modelling, and surgical planning, all of which are critical in the design of 

prostheses (Fedorov et al., 2012). 

Custom prosthesis manufacturing: The software’s ability to integrate with other 

open-source tools and 3D printing technologies has made it an asset in the 

manufacturing of custom prostheses. Researchers have highlighted its use in the 

design of craniofacial implants, where precise anatomical replication is required 

(Tantisatirapong et al., 2023). 

Materialise 3-Matic Materialise 3-Matic is another key tool from Materialise, designed to enhance the 

capabilities of Mimics by allowing further design and optimisation of 3D models. 

Advanced mesh processing: 3-Matic is particularly strong in mesh processing and 

design optimisation. This makes it a valuable tool in prosthesis manufacturing, 

where the refinement of mesh structures is crucial for creating durable and 

lightweight prostheses (Srivastava et al., 2024). 

Customisation and fit: The software allows for detailed surface editing and texturing, 

enabling the customisation of prostheses to better match the patient’s skin texture 

and appearance. Studies have shown that this capability is essential in creating 

prostheses that not only fit well but also meet the aesthetic needs of patients (Mian 

et al., 2022). 

InVesalius InVesalius is a free, open-source MIP software developed by the Renato Archer 

Information Technology Centre in Brazil. It is designed to assist in the visualisation 
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and reconstruction of anatomical structures from DICOM files (Amorim et al., 2015). 

InVesalius supports multiple imaging modalities, including CT and MRI, and it offers 

a user-friendly interface that makes it accessible to both novices and experienced 

users. One of its key strengths is its effective segmentation tools, which allow for 

precise delineation of anatomical regions. Additionally, InVesalius can export 

models in various formats, such as STL, which is essential for 3D printing and 

further CAD processing (Amorim et al., 2017). 

ITK-SNAP ITK-SNAP is a user-friendly, open-source software application that focuses on the 

segmentation of anatomical structures in medical images. It uses a semi-automatic 

segmentation approach that combines manual editing with automation. This hybrid 

approach facilitates the accurate segmentation of complex anatomical features with 

minimal user intervention. ITK-SNAP is particularly useful for research applications 

and has been widely adopted because of its intuitive interface and robust 

performance (Yushkevich et al., 2016). 

OsiriX OsiriX is a comprehensive DICOM viewer and MIP software designed specifically 

for Mac OS. It provides a range of advanced imaging tools, including 2D and 3D 

reconstructions, surface rendering, and volumetric analysis. OsiriX is available in 

both a free Lite version and a more advanced MD version, which offers additional 

features tailored for clinical use. Its cutting-edge visualisation capabilities and 

support for a wide array of imaging modalities are advantageous (Spiriev et al., 

2017). 

Amira Amira is a high-end, commercial software application that combines MIP and 

visualisation capabilities. It is widely used in biomedical research for tasks such as 

image segmentation, visualisation, and analysis. Amira supports a broad range of 

file formats and offers advanced features such as multi-modal image registration 

and quantitative analysis. While it is a commercial product, Amira is often 

considered because of its comprehensive toolset and ability to handle large, 

complex datasets (Buffinton et al., 2023). 

 

2.5.3 CAD software alternatives to industry-benchmark 

In the design and manufacturing of external maxillofacial prostheses, CAD software is indispensable. 

The industry-benchmark software Geomagic Freeform has set a high bar due to its advanced sculpting 
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capabilities, intuitive haptic feedback system, and robust modelling tools (Tanveer et al., 2023; Sharma 

et al., 2023; Farsil et al., 2024). However, the high costs and specific hardware requirements of such 

premium software pose accessibility challenges. There are several CAD software alternatives that 

offer comparable features and functionalities, that may provide a cost-effective solution for the design 

and production of maxillofacial prostheses (Memon et al., 2020; Das et al., 2023). Each software offers 

unique strengths that cater to different aspects of the design process, making them suitable for various 

clinical and research applications (Table 2.3). The choice of software often depends on the specific 

application, the level of customisation required, and the resources available. 

Table 2.3 Alternative CAD software to the industry-benchmark 

Software  Description 

SolidWorks SolidWorks is a widely used CAD software in various engineering disciplines, 

including biomedical engineering. Its robust modelling capabilities and user-friendly 

interface has made it a popular choice for designing prosthetic components. 

Parametric design: SolidWorks excels in parametric design, allowing for the creation 

of complex, adjustable models that can be easily modified to fit the unique 

anatomical structures of patients (Vanaclocha-Saiz et al., 2022). 

Simulation and analysis: The software has various simulation tools, such as stress 

analysis and fluid dynamics, which are crucial for ensuring that prostheses are both 

functional and durable under real-world conditions. Research has shown that using 

SolidWorks for the design and testing of prosthetic limbs can improve their 

performance and longevity (Mondal et al., 2023; Torres-Sanmiguel, 2022). 

Autodesk Fusion 360 Autodesk Fusion 360 is another powerful CAD tool that combines design, 

engineering, and manufacturing capabilities in a single platform. Its cloud-based 

nature and accessibility have made it a popular choice for both professionals and 

educational institutions. 

Integrated workflow: Fusion 360 offers an integrated workflow that spans the entire 

design process, from conceptual sketches to final manufacturing. This seamless 

integration is particularly beneficial in prosthesis manufacturing, where design 

changes must be rapidly implemented and tested (Gགྷrski’s et al., 2022). 
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Collaboration and accessibility: As a cloud-based tool, Fusion 360 supports 

collaborative design and remote access, which is advantageous in multidisciplinary 

projects involving clinicians, engineers, and designers. This feature has been 

highlighted in the design of prosthetic hands, where team collaboration is critical 

(Manero et al., 2019). 

Rhinoceros (Rhino) Rhinoceros, commonly known as Rhino, is a CAD software that excels in freeform 

modelling and is particularly favoured in the design of organic shapes and complex 

surfaces, making it well-suited for maxillofacial prostheses. 

Surface modelling: Rhino’s strength lies in its ability to create highly detailed, organic 

surfaces through its NURBS (Non-Uniform Rational B-Splines) modelling 

capabilities. This is essential in designing facial prostheses that need to match the 

intricate contours of the human face (Kim et al., 2011). 

Customisation and flexibility: Rhino is highly customisable through various plugins, 

such as Grasshopper, which allows for parametric design and automation of 

complex tasks. This flexibility has been leveraged in the creation of custom 

prostheses, where precise fitting and aesthetics are critical (Guo et al., 2024). 

Autodesk Inventor Autodesk Inventor is a professional-grade CAD software known for its mechanical 

design capabilities. It is commonly used in the design and manufacturing of 

prosthetic components, particularly in complex mechanical systems such as 

prosthetic joints. 

Mechanical design and simulation: Inventor provides advanced tools for the design 

and simulation of mechanical systems, which are essential in creating functional 

prosthetic limbs. Its dynamic simulation capabilities allow for the testing of prosthetic 

joints under various conditions, ensuring optimal performance (Górski et al., 2024). 

Assembly modelling: The software’s ability to manage large assemblies is beneficial 

in the design of modular prosthetic systems, where different components must be 

designed to work together seamlessly. Studies have shown that using Inventor in 

the design of prosthetic hands can enhance their modularity and ease of 

customisation (Saberpour et al., 2023). 

PTC Creo PTC Creo is a powerful CAD software that offers a suite of tools for parametric and 

direct modelling, as well as simulation and analysis. It is particularly known for its 

robust feature set in mechanical design. 

Parametric and direct modelling: Creo combines parametric and direct modelling, 

allowing designers to quickly create and modify prosthetic designs. This flexibility is 
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essential in prototyping, where changes are often needed based on patient 

feedback (Raju Jithin, 2024). 

Advanced simulation: Creo offers comprehensive simulation tools that can analyse 

the mechanical properties of prostheses, such as stress distribution and material 

behaviour under load. This ensures that prostheses are not only functional but also 

durable (Mahajan, 2018). 

3D Coat 3D Coat is a versatile and powerful CAD software that excels in voxel sculpting, UV 

mapping, and retopology. Its key features include dynamic tessellation, which allows 

for detailed sculpting without significant performance loss, and auto-retopology, 

which simplifies the creation of clean, animatable meshes from sculpted models. 3D 

Coat is widely praised for its intuitive user interface and extensive toolset, making it 

accessible to both beginners and experienced designers. Its ability to import and 

export in various file formats, including STL, OBJ, and FBX, enhances its 

compatibility with different 3D printing and modelling workflows (Pilgway, 2021). 

ZBrush ZBrush, developed by Pixologic, is known for its sculpting and painting capabilities. 

It employs a unique "pixol" technology that combines 3D modelling and 2D painting 

attributes, allowing for adding intricate details and textures. ZBrush is particularly 

favoured in industries such as gaming, film, and medical modelling, because of its 

high-resolution sculpting tools and efficient workflow. The software supports a wide 

range of file formats and includes features such as DynaMesh for dynamic 

tessellation, ZRemesher for automatic retopology, and advanced rendering options. 

ZBrush's strong community and extensive tutorials make it a robust alternative to 

Geomagic Freeform (Pixologic, 2021). 

Blender Blender is a free, open-source CAD software that offers a comprehensive suite of 

tools for modelling, sculpting, animation, and rendering. Its powerful sculpting 

features, including dynamic topology and multi-resolution modelling, make it a viable 

option for creating detailed anatomical models. Blender's extensive add-ons and 

community support further enhance its capabilities, making it a flexible tool for both 

artistic and technical applications. The software's integration with various 3D printing 

workflows and support for multiple file formats, including STL, OBJ, and PLY, 

provide a seamless transition from digital design to physical production (Blender 

Foundation, 2021). 

Meshmixer Meshmixer, developed by Autodesk, is a free CAD software specifically designed 

for working with 3D meshes. It is particularly useful for preparing models for 3D 
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printing, with features such as automatic repair, hollowing, and support generation. 

Meshmixer also offers robust sculpting tools and an intuitive interface, making it 

accessible for quick edits and prototyping. Its ability to handle complex mesh 

operations efficiently makes it a practical alternative for creating maxillofacial 

prostheses, especially in resource-constrained environments (Autodesk Inc., 2021). 

FreeCAD FreeCAD is an open-source parametric CAD software that supports a wide range 

of design and engineering applications. It offers robust modelling tools, including a 

feature-based approach that allows for easy modifications and iterations. 

FreeCAD's modular architecture enables users to extend its functionality through 

plugins and custom scripts, making it highly adaptable to specific needs (FreeCAD 

Project, 2021). 

 

2.6 Additive manufacturing 

Additive manufacturing, commonly known as 3D printing, has revolutionised the field of prosthesis 

manufacturing. In contrast to subtractive manufacturing where material is removed from a solid block, 

AM adds material only where it is required. Using CAD software, a 3D digital computer model is 

created, and material is subsequently added layer by layer to make the tangible object (Tanveer et al., 

2023). By building an object layer by layer from a digital model, complex geometries that are frequently 

impossible or prohibitively expensive to achieve with typical subtractive manufacturing techniques can 

be created (Gibson et al., 2015; Gibson et al., 2021). According to Gibson et al. (2015), this capability 

is necessary for designing intricate and anatomically accurate prostheses. Because of its versatility 

and ability to work with a variety of materials, including metals, ceramics, and polymers, this procedure 

can be used to create a wide range of prosthetic devices (Vennam et al., 2024). 

In prosthesis manufacturing, AM plays a critical role in several stages of the production process. There 

are various benefits associated with AM. It allows for the rapid prototyping and customisation of 

prosthetic devices tailored to the specific anatomical and functional needs of patients (Pirozzi et al., 

2023). This customisation is particularly important in maxillofacial prostheses, where the fit and 
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appearance must be precisely matched to the patient's unique facial structure (Mazzoli, 2013; Sharma 

et al., 2023; Kouhi et al., 2024). This technology enables the quick production of prototypes, which 

can be tested and refined before creating the final prosthesis. This accelerates the design process 

and reduces the time from concept to final product. The additive nature of AM results in significantly 

less waste and can be more cost-effective (Pirozzi et al., 2023; Amaya-Rivas et al., 2024). Compared 

to traditional manufacturing techniques, AM can be more affordable for small-scale production and 

customised prostheses, especially when considering the reduction in waste and the elimination of 

expensive tooling and moulds (Tofail et al., 2018; Kouhi et al., 2024). 

Several disadvantages are associated with AM. Even though AM can employ a wide range of 

materials, compared to traditional methods, the selection of materials appropriate for prosthesis 

manufacturing is currently relatively limited (Rajaguru et al., 2020; Ornaghi et al., 2023). Additionally, 

it is possible that 3D printed materials' mechanical qualities differ from those of conventionally created 

materials (Bogue, 2013). To obtain the appropriate smoothness and intricacy, further post-processing 

may be needed for the surface finish of 3D printed products. Factors such as print resolution and layer 

thickness can also have an impact on the end product's accuracy (Gibson et al., 2015; Gibson et al., 

2021). High-quality 3D printers and the associated software can be expensive, representing a 

significant initial investment for facilities looking to implement AM (Chen et al., 2021). The relatively 

new nature of AM in medical applications means that there are ongoing challenges related to 

regulatory approval and the standardisation of materials and processes (Tofail et al., 2018; Korpela et 

al., 2021).  

2.7 Methodologies for evaluating MIP and CAD Software 

Evaluating MIP and CAD software involves a systematic approach to ensure that the selected tools 

meet the specific requirements for external maxillofacial prosthesis manufacturing. Software is 

evaluated mainly in terms of its specific software features, capabilities, and performance in process 
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chains. The key criteria to consider when evaluating MIP and CAD software for maxillofacial prosthesis 

design are presented in Table 2.4. 

Table 2.4 Key criteria to consider when evaluating MIP and CAD software 

Criterion  Description Reference 

Segmentation 

accuracy 

The ability of MIP software to accurately segment anatomical 

structures from medical images is critical. Accurate 

segmentation ensures that the prosthesis fits well and 

functions correctly. 

Jablonski et al. 

(2023) 

Usability and 

workflow integration 

The software should be user-friendly and integrate seamlessly 

into existing clinical workflows. This includes compatibility with 

other software and hardware used in the prosthesis 

manufacturing process. 

Binhuraib et al. 

(2023) 

Customisation and 

sculpting capabilities 

For CAD software, the ability to customise and digitally sculpt 

detailed anatomical features is essential. This involves tools 

for precise modelling, texturing, and adjustments to ensure 

the prosthesis meets aesthetic and functional requirements.  

Parthasarathy 

(2014) 

Cost-effectiveness Given the study's focus on finding cheaper alternatives, the 

cost of software and associated hardware is a significant 

consideration. The selected software should provide a 

balance between cost and functionality. 

Rengier et al. 

(2010) 

MIP and CAD in process chains 

Benchmarking against 

industry-benchmarks 

The selected software combinations are compared against 

established industry-benchmarks, such as Mimics for MIP and 

Geomagic Freeform for CAD. This comparison helps in 

assessing the performance and quality of the alternative 

software.  

Ma et al. (2024) 

Yap Abdullah et 

al. (2024) 

Performance metrics Metrics such as segmentation accuracy, model fidelity, 

processing time, and user satisfaction are used to evaluate 

the performance of each process chain. These metrics 

Chen et al. (2024) 
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provide quantitative and qualitative data to support the 

evaluation.  

 

2.8 Low-cost prosthesis manufacturing 

When investigating low-cost prosthesis manufacturing, it is essential to improve affordability and 

accessibility, particularly in areas with limited resources. Several case studies have documented the 

successful use of alternative technologies in prosthesis manufacturing. Notably, the adoption of 3D 

printing and open-source software has been a game-changer in producing affordable prosthetics 

(Alturkistani et al., 2020). The e-NABLE project uses 3D printing to create prosthetic hands for children 

(Manero et al., 2019; Parry-Hill, 2019). Volunteers have manufactured working prosthetics for a tenth 

of the cost of standard devices using inexpensive 3D printers and free design files. According to Parry-

Hill (2019), the effort has shown efficacy in offering customised solutions that are reasonably priced 

and flexible enough to accommodate children's developmental stages. The Project Daniel, initiated by 

Not Impossible Labs, has effectively used 3D printing to create prosthetic limbs in South Sudan, a 

country devastated by conflict. The initiative has enabled locals to produce and maintain prosthetics 

by establishing local 3D printing laboratories, providing community members with training, and 

providing low-cost, and decentralised manufacturing (Tria, 2023). The Jaipur Foot Project is renowned 

for producing prosthetics with high-functionality at a reasonable cost. The organisation makes use of 

simple yet efficient materials and methods. Their prosthetics are designed to meet the needs of 

amputees in underdeveloped nations, offering low-cost mobility and improving quality of life 

(Bhargava, 2019). Although the use of digital technology in the production of facial prostheses is 

becoming more popular, little is known about the low-cost process chains for the manufacturing of 

facial prostheses (Jablonski et al., 2023). 
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Comparative research has provided insight into the efficacy of less expensive prosthetic systems in 

comparison to more expensive counterparts. These studies frequently point out the advantages and 

disadvantages of each strategy. The costs and results of 3D-printed prosthetic hands were compared 

with those of commercially available devices in a study conducted by (Wendo et al., 2022). The 

findings indicated that while high-cost prosthetics offer superior durability and aesthetics, low-cost 3D-

printed alternatives provide comparable functionality at a significantly lower price, making them a 

viable option for many users (Alturkistani et al., 2020; Abbady et al., 2022). A study by Copeland et al. 

(2022) compared user satisfaction of 3D-printed prosthetics to conventional prosthetics. The study 

concluded that while traditional prosthetics were preferred for their robustness, 3D-printed models 

scored higher in terms of affordability and customisation, making them particularly appealing to users 

with budget constraints. A comparison study by Engdahl et al. (2024) assessed the functional 

performance of high-cost myoelectric prosthetics versus low-cost body-powered prosthetics. The 

results highlighted that while high-cost devices offer advanced features and smoother operation, low-

cost prosthetics were effective in basic daily functions and were more accessible to a broader 

population. These studies have shown that integrating these technologies can significantly enhance 

the efficiency and scalability of prosthesis production (Barrios-Muriel et al., 2020). 

2.9 Implications of alternative low-cost software  

The use of alternative MIP and CAD software has significant implications for the manufacturing of 

external maxillofacial prostheses. An important factor to consider is the quality of a prosthesis made 

with alternative software. Research has demonstrated that MIP and CAD software that is free and 

open-source can produce results that compare well with industry-benchmarks in terms of accuracy 

and capability. Farook et al. (2021) demonstrated that prostheses designed using open-source 

software such as Blender and Meshmixer exhibited high precision in anatomical detail and fit, 

comparable to those created with high-cost proprietary software. Patient satisfaction with prosthetics 
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depends critically on their aesthetic qualities, including texture and colour matching. According to Dong 

et al. (2024), lower-cost software can effectively produce prostheses with a high degree of aesthetic 

detail, although some manual finishing may be required to achieve optimal results. It is also notable 

that alternative software works with different kinds of materials used in 3D printing, which is important 

because printing materials can influence the prosthesis's durability and appearance (Rengier et al., 

2010). 

Alternative software can drastically cut costs associated with prosthetic manufacturing, making these 

solutions more affordable in environments where resources are limited. Substantial investment costs, 

such as software licenses and specialised hardware, are associated with the industry benchmarks 

such as Mimics and Geomagic Freeform. On the other hand, inexpensive or free alternative software 

significantly lowers up-front costs (Bibb et al., 2015). Ongoing costs associated with maintenance, 

updates, and training are lower for alternative software (Ventola, 2014). Open-source software often 

has a large support community, reducing the need for expensive proprietary support services.  

A comprehensive comparison of process chains for the manufacturing of maxillofacial prostheses is 

notably absent in the current literature. While some studies have examined isolated elements of the 

process chain, such as Yap Abdullah et al. (2024), who compared open-source MIP software against 

commercial software for 3D skull reconstruction, most analyses do not extend to full, step-by-step 

process chain evaluations. Farook et al. (2020) provided valuable insight by comparing two complete 

process chains, one using commercial and the other using open-source software, and found that the 

open-source chain could achieve aesthetically and volumetrically comparable results. However, these 

studies do not offer a thorough, comparative exploration of each stage within the process chain and 

also do not include sculpting CAD software.  
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2.10 Technological and financial barriers in South Africa 

The accessibility of medical prostheses in South Africa is hindered by numerous challenges, including 

limited availability, high costs, and inadequate healthcare infrastructure. Ennion and Johannesson 

(2018) stated that there are large differences in the nation's access to prosthetic services, with 

underserved and rural areas being disproportionately impacted. Because prosthesis manufacturing 

facilities are unevenly distributed and frequently concentrated in urban areas, rural residents have few 

options to obtain essential prosthetic devices. In addition to making accessibility even more 

problematic, traditional prosthesis manufacture is expensive (Ennion & Johannesson, 2018; Mduzana 

et al., 2020). Conventional techniques are more expensive overall because they require specialised 

materials and skilled technicians in addition to being labour-intensive (Jablonski et al., 2023).  

The patients' own financial constraints are also important. Since many people who need prostheses 

originate from lower-income families, the expense of these devices may be prohibitive for them. 

Because of this financial obstacle, patients frequently postpone or abandon therapy, which has a 

negative impact on their physical and mental well-being (Kharade, 2020), lowers their quality of life, 

and increases their reliance on others for everyday tasks (Reis et al., 2018; Sarwer et al., 2022). By 

implementing cost-effective prosthesis manufacturing solutions can significantly reduce the costs 

associated with prosthesis design and manufacturing, and enhance accessibility for a broader 

population, particularly in rural and underserved areas (Ennion & Johannesson, 2018; Mduzana et al., 

2020). 

2.11 Conclusion 

The future of low-cost prosthesis production is promising, especially in underdeveloped countries 

where access to advanced medical technology is limited. The dearth of comparisons among different 

software used in maxillofacial prosthesis manufacturing in the literature necessitates exploring more 
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cost-effective options for patients to improve accessibility. By integrating low-cost alternatives into the 

manufacturing of prostheses could yield significant societal benefits, particularly by improving the 

quality of life for individuals who require prosthetic interventions. As software features and capabilities 

evolve and 3D printing technologies proliferate, low-cost alternatives are expected to improve, making 

them increasingly accessible for widespread clinical use. Therefore, by comparing alternative process 

chains using cheaper technologies with industry benchmarks could yield important information about 

more cost-effective solutions, which will enable greater patient access to vital medical devices. 
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Chapter 3  

Research Philosophies and Conceptualisation of the 
Research Project 

 

3.1 Introduction  

People across the world have facial disfigurements because of accidents, cancer, and congenital 

limitations. In South Africa, high rates of traffic accidents, assaults, and untreated cancer are factors 

contributing to facial trauma and disfigurements, in addition to the alarming numbers of burn victims 

from shack fires and primus stoves (Maritz et al., 2012; Iqbal et al., 2013). Many patients, who might 

require external facial prostheses, come from underprivileged backgrounds and are government-

funded; therefore, they are unable to afford the sophisticated technologies needed to make 

prostheses. Investigating low-cost prosthesis production is essential to improving affordability and 

accessibility, particularly in areas with limited resources. 

The creation of maxillofacial prostheses follows a multi-step procedure using medical imaging, medical 

image processing (MIP), computer-aided design (CAD), additive manufacturing (AM), and other state-

of-the-art technology. By adopting process chains that employ these technologies, a person's anatomy 

can be used to develop a patient-specific, aesthetically pleasing prosthesis. The current industry 

benchmark for MIP software is Mimics, developed by Materialise. Mimics is known for its robust 

capabilities in handling challenging segmentation tasks, converting Digital Imaging and 

Communications in Medicine (DICOM) files into three-dimensional (3D) models, and preparing models 

for 3D printing (Marro et al., 2016; Nikitichev et al., 2018). Geomagic Freeform, developed by 3D 

Systems, Inc., is recognised as the industry benchmark for advanced digital sculpting. However, the 

high cost and complexity associated with these tools have necessitated the exploration of more 

accessible and cost-effective alternatives. Consequently, this study was undertaken to explore 
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alternative imaging processes, and the use of MIP and CAD software in process chains for the 

manufacturing of external maxillofacial prostheses. Thus, the main research question for this study 

was: 

 

Which process chain(s) can produce external maxillofacial prostheses of acceptable 

quality at a price relevant to the South African demography? 

 

3.2 Philosophies underpinnings of the study   

A research project's conceptual underpinnings serve as both support and direction. The development 

of research topics, the choice of appropriate methodologies, and the interpretation of findings are all 

guided by research philosophies (Crotty, 1998). "A system of beliefs and assumptions about the 

development of knowledge" defines research philosophy (Saunders et al., 2009). An ontological 

assumption describes the nature of reality, is related to the study topic, and has an impact on the 

research questions and objectives that are investigated (Tengli, 2020). There is a general 

epistemological assumption made about knowledge, which can involve textual, numerical, or even 

visual data. The axiological assumption is made about values and beliefs. It is the researcher’s 

responsibility to be impartial on values and beliefs that might affect the course, results, and 

conclusions of the study.  

3.2.1 Design science research 

The design science research (DSR) paradigm originated from engineering and the sciences of the 

artificial. Bayazit (2004) asserted that DSR could broadly be characterised as "… the study, research, 

and investigation of the artificial made by human beings, and the way these activities have been 

directed either in academic studies or manufacturing organisations." The primary goal of DSR 

initiatives is to find practical solutions to everyday problems (Aburamadan & Trillo, 2020; Steuck et al., 
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2024). It is, therefore, a paradigm for resolving issues where the production of novel artefacts 

advances human understanding (Vom Brocke et al., 2020). Theoretically, science and technology are 

used to create innovative artefacts that address problems that affect the actual world (Hevner et al., 

2004; Weigand et al., 2021). As a result, DSR is an applied science that employs design in all its forms 

to achieve a particular research project's objective (Niiniluoto, 2014). In a broad sense, artefacts 

include anything created by humans, including models, processes, constructions, and procedures 

used to address difficult issues (Weigand et al., 2021).   

There are primarily three methods for employing DSR. These methods were characterised by Horváth 

(2007) as (i) research in design; (ii) design-inclusive research; and (iii) practice-based design research. 

Research in the context of design refers to disciplinary inquiries and research in design that have 

many beneficial similarities with basic scientific research. The design-inclusive research approach 

states that contextualisation and the synthesis of scientific and design information occur during design 

processes and ultimately result in artefacts (Kotzé et al., 2015; Coetzee, 2019; De Sordi et al., 2020). 

This approach is to achieve a deeper integration of knowledge. Contextualised practical knowledge 

serves as a strong foundation for design knowledge in the practice-based design research approach. 

A design-inclusive research strategy served as the cornerstone of this study's methodological 

implementation. 

3.2.2 Pragmatic inquiry 

The aim of this project was to provide a workable solution to a real-world query. This typical pragmatic 

investigation was, therefore, to generate knowledge that would be applicable and have real-world 

implications (Kelly & Cordeiro, 2020). According to pragmatists, research initiatives start with a 

problem and conclude with practical solutions that direct the application of future practices (Saunders 

et al., 2009). Acting on issues in the "real-world" is another point of emphasis for pragmatists (Creswell 

et al., 2003; Rorty et al., 2004). Because the outcome of this project is to find a real-world solution to 
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some of the costly technologies used in the manufacturing of external maxillofacial prostheses, the 

project is typically a pragmatic inquiry. 

3.2.3 Abductive reasoning 

The two primary methods of deductive and inductive thinking are the subject of most of the 

conventional research. Deductive reasoning begins with the statement of a general rule and works its 

way down to a particular conclusion. Conversely, inductive reasoning starts with narrowly focused and 

specific data and works its way up to a plausible generalised conclusion. In addition to deductive and 

inductive reasoning, a third type of logic, known as abductive reasoning, the process of imagining what 

"might be so," is needed for creating hypothetical futures (Kolko quoted by Faste & Faste, 2012: 2).  

Abductive reasoning starts with an incomplete collection of observations and works its way down to 

the most likely explanation. The shortcomings of deductive and inductive procedures are addressed 

by an abductive approach (Faste & Faste, 2012). Deductive reasoning is specifically criticised for 

being unclear when it comes to choosing a theory to test through the formulation of hypotheses. In 

their critique of inductive reasoning, Faste and Faste (2012) argued that a theory is not always 

constructed by a large body of empirical evidence. As a third alternative, abductive reasoning 

overcomes these weaknesses by adopting a pragmatist perspective. When it comes to using 

abductive reasoning to develop ideas and draw logical conclusions, it is comparable to deductive and 

inductive methods (Faste & Faste, 2012). The real-world issue of identifying more reasonably priced 

MIP and CAD software for the process chains of external maxillofacial prostheses was best solved via 

an abductive reasoning approach. 

In conclusion, this design-inclusive research project can be compared to peeling back the layers of 

the research onion developed by Saunders et al. (2009, 2019) (Figure 3.1). To accomplish the study's 
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aim, a multi-method quantitative and qualitative experimental research design was used, along with a 

pragmatic approach and abductive reasoning. 

 
 

Figure 3.1 Research onion depicting the research philosophies and methodological  

  approaches followed in this study 

 

3.3 Conceptualisation of the project 

The conceptualisation of this project necessitated a comprehensive understanding of the process 

chain involved in the design and manufacturing of external maxillofacial prostheses. The first step in 

this process is the acquisition of digital images of the anatomy of a patient, which in this study were 

obtained using computed tomography (CT) and structured light surface scans. The CT scan data, in 

DICOM format, are imported into MIP software. Within this software, the data are processed, and the 

region of interest (ROI) is segmented. The segmented data are then exported as a 3D model in a 

stereolithography (STL) file format. This STL file is subsequently imported into CAD software, where 

the prosthesis is designed. When using surface scan data of a patient’s anatomy, the data are 
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imported directly into CAD software for the design of the prosthesis, bypassing the MIP stage. Finally, 

the design is exported for the additive manufacturing (AM) of the prosthesis.  

This study focused on the evaluation of the use of surface scan data, and MIP and CAD software, with 

the aim of identifying more cost-effective alternatives to the expensive industry-benchmarks. Real-

world data of a human ear and nose were used in the evaluation following four sequential research 

actions (Figure 3.2).  

 

Figure 3.2 Diagram showing the study design of the project 

To achieve the aim of identifying more affordable process chain options for the manufacturing of 

external maxillofacial prostheses, the study was divided into four phases. By structuring the project 

into these phases ensured a systematic approach into exploring and validating cost-effective 

alternatives for prosthesis manufacturing. Each phase addressed a specific sub-question and included 

related objectives. Table 3.1 outlines these phases, the corresponding sub-questions, and their 

objectives.  
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Table 3.1 Phases with related sub-questions and objectives, and chapter in which the  

  results are presented 

Phase Sub-question Objective Chapter 
reported 

in 

Phase 1: 
Selection of 

potential MIP 

and CAD 

software for 

testing in 

process chains 

 

What are the commonly 
used MIP and CAD 
software options suitable 
for external maxillofacial 
prosthesis 
manufacturing? 

OBJ1: To conduct a comprehensive systematic 
review of the literature to identify commonly used 
MIP and CAD software with the potential to be 
tested in process chains. 

4 

Phase 2: 
Evaluation of 

potential MIP 

software 

 

Which MIP software can 
be selected and tested 
based on specific 
software features and 
digital segmentation 
functionality criteria? 
 

OBJ2: To source CT data from two human 
subjects to use in the software tests. 
 
OBJ3: To select MIP software based on specific 
criteria related to software features. 
 
OBJ4: To test and select MIP software based on 
specific criteria related to digital segmentation 
functionality.  

5 

Phase 3: 
Evaluation of 

potential CAD 

software 

 

Which CAD software can 
be selected and tested 
based on specific 
software features and 
digital sculpting capability 
criteria? 
 

OBJ5: To select and test CAD software based on 
specific criteria related to software features.  
 
OBJ6: To test and select CAD software based on 
digital sculpting capability.  

6 

Phase 4: 
Identification 

of process 

chains that 

are cheaper 

than the 

industry-

benchmark  

Which alternative process 
chains produce external 
maxillofacial prostheses 
of comparable quality to 
those produced by the 
industry benchmark? 

OBJ7: To source surface scan data of a human 
nose and ear.  
 
OBJ8: To produce 3D models using process 
chains assembled using the selected MIP and 
CAD software.  
 
OBJ9: To produce 3D models using process 
chains assembled using the surface scan data 
and CAD software. 
 
OBJ10: To evaluate the selected process chains 
to identify alternatives that compare favourably 
with industry-benchmark software, thereby 
enhancing access to external maxillofacial 
prostheses. 

7 
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3.4 Materials and methods 

The researcher independently executed all the software-related tasks and procedures detailed in this 

thesis. To make the chapters easier to read, the procedures for each chapter are included in the 

relevant chapters where the results have been presented.  

3.5 Conclusion 

This DSR project was planned and executed to identify more cost-effective process chain alternatives 

for external maxillofacial prostheses manufacturing. The methodology was divided into four distinct 

phases to ensure a systematic and comprehensive evaluation of the quality and cost of the products 

produced by potential alternative maxillofacial prostheses manufacturing process chains. The 

integration of surface scan data, and MIP and CAD software alternatives into the process chain was 

compared to the industry benchmarks. The purpose of these comparisons was to find alternative 

process chains that produced products that match the functionality and quality of the current industry 

benchmark process chains, while also providing improved accessibility because of their lower costs. 

By enhancing access to these technologies, especially in resource-constrained settings such as South 

Africa, this project holds significant potential to improve the accessibility and affordability of external 

maxillofacial prostheses. 

In conclusion, the systematic approach adopted in this study provides a robust framework for 

identifying affordable, alternative process chains. By enhancing access to these technologies, 

especially in resource-constrained settings such as South Africa, this project holds significant potential 

to improve the accessibility and affordability of external maxillofacial prostheses. 
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Chapter 4  

Medical Image Processing and Computer-Aided Design 
Software Selection 

 

4.1 Introduction  

The manufacturing of external maxillofacial prostheses involves two critical process chain events that 

rely heavily on specialised software. These events involve medical image processing (MIP) and 

computer-aided design (CAD). MIP software is essential for processing data extracted from 3D 

volumetric datasets of a patient's anatomical area of interest generated by computed tomography 

(CT). The primary consideration in selecting MIP software is its ability to perform segmentation, which 

involves the process of accurately separating the anatomical region of interest (ROI) from the 

volumetric datasets. CAD software, on the other hand, is used to design a prosthesis using the 

patient's anatomical data as a guide. The digital sculpting capabilities of CAD software is important 

when selecting suitable software. Digital sculpting mimics the physical process of sculpting with tools 

on clay by manipulating a 3D mesh using specialised CAD tools. 

The current industry benchmark for MIP software is Mimics, developed by Materialise. The software 

is FDA-cleared and complies with medical device regulations, making it a preferred choice in clinical 

and research settings (Marro et al., 2016; Nikitichev et al., 2018). It is widely recognised for its 

precision and high-quality outputs during medical image processing. Mimics offers specialised and 

extensive tools for the segmentation of medical scans, 3D reconstruction of anatomical structures, 

preoperative planning, and patient-specific design. Similarly, Geomagic Freeform, developed by 3D 

Systems, Inc., is the leading CAD software in the medical industry. It is renowned for its advanced 

sculpting and powerful design tools that make it possible to create highly detailed and anatomically 

accurate models (Reilingh et al., 2017; Memon et al., 2020). Therefore, in Phase 1 of this study, a 
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comprehensive review of the literature was conducted to identify alternative MIP and CAD software 

that could be evaluated in process chains for external maxillofacial prosthesis manufacturing. The 

objective was to ascertain whether the selected alternative software could effectively replace the 

industry benchmarks, Materialise's Mimics and 3D Systems Inc.'s Geomagic Freeform for prostheses 

manufacturing. As a result, the following sub-question was addressed in this phase: 

 

What are the commonly used MIP and CAD software options suitable for external 

maxillofacial prosthesis manufacturing? 

 

Figure 4.1 presents a flow diagram of the process followed to select alternative MIP and CAD software 

from the literature that could undergo further evaluation in process chains for the manufacturing of 

external maxillofacial prostheses.  

 

Figure 4.1 Presentation of the research process to identify alternative MIP and CAD  

  software applications in the literature 
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4.2 Methods 

In the initial phase of this study, suitable, alternative MIP and CAD software applications were selected 

so that their functionality could be evaluated in prosthesis manufacturing process chains. A thorough 

review of the literature was undertaken to identify and select alternative software applications. Table 

4.1 details the four key procedures that were followed to identify and select alternative software for 

evaluation. 

 

Table 4.1 Steps followed to identify alternative MIP and CAD software that can progress 

  to the testing phases   

Step Aim 

1. Source literature  

A systematic review of the literature was conducted to identify suitable 

alternative MIP and CAD software for testing in the manufacturing process 

chains of external maxillofacial prostheses. The aim was to identify software 

applications that meet specific requirements, focusing on functionalities such as 

segmentation accuracy for MIP software and advanced sculpting capabilities for 

CAD software. 

2. Scrutinise sourced 

literature 

The sourced literature was reviewed to identify MIP and CAD software that are 

frequently used in the process chains for the manufacturing of external 

maxillofacial prostheses. Several filters were applied to facilitate the 

identification of relevant MIP and CAD software. 

3. List potentially relevant 

software  

Two master lists were created in Excel, one for the MIP software and one for the 

CAD software. Each of these master lists was supplemented with information 

that may be of relevance during the selection process, for example, the name of 

the developers, the operating system, and the costs.  

4. Select software for 

testing in the study 

From the MIP and CAD master lists, relevant software was selected based on a 

defined set of selection criteria. This selection process aimed to identify software 

applications suitable for further evaluation of their integration into the 

manufacturing process chains of external maxillofacial prostheses. 
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4.2.1 Sourcing of literature   

To conduct the systematic literature review in Step 1, several literature databases were searched 

using different search criteria. Among the literature databases searched for this study were 

ScienceDirect, Emerald Insight, Taylor and Francis Online, PubMed Central, Sage Journals, Whiley 

Online Library, Research Gate, SpringerLink, Ebscohost, Semantic Scholar, and Google Scholar. A 

wide net was cast for search term (words and phrases) selection to include terms broadly linked to the 

design and the manufacture of external maxillofacial prostheses to ensure a thorough scrutiny of the 

literature. To further enhance the literature search, search phrases were modified to include relevant 

terms such as 'external facial prosthesis production' and 'external facial prosthesis design and 

manufacturing.' The search terms selected belonged to five distinct search themes (Table 4.2). 

Although some search terms belonged to more than one theme, they are listed under one theme in 

the table. For example, 'craniofacial design' is listed under the theme 'design' but can also be listed 

under the theme 'medical.'  

Table 4.2 Search themes and examples of search terms used to source relevant literature 

Search theme Examples of search terms in a search theme 

Imaging/scanning  • medical imaging software 

• medical image processing software 

• medical image processing software for medical application 

• medical image analysis software 

• medical image editing software 

• medical image editing software for medical application  

• CT and MRI imaging for cranio-maxillo-facial implants and 
prostheses 

• medical imaging software for digital data processing 

• CT and MRI scanning for maxillofacial implants and prostheses 

Design  • computer-aided design 

• medical design software  

• CAD software for medical application 

• implant design 

• prostheses design 

• craniofacial (implant) 

• craniofacial design 
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• medical geometry design 

• digital sculpting software  

• digital sculpting software for medical application  

• CAD used in external maxillofacial reconstruction  

Digital • digital image processing 

• digital design for facial reconstruction 

• digital design for facial prosthesis manufacturing 

• digital geometry design 

Facial reconstruction • maxillofacial facial prosthesis 

• external facial prosthesis design 

• external prosthetic design 

• external facial prosthesis production 

• external facial prosthesis design and manufacturing 

Medical • medical design 

• medical product design 

• medical product development 

• CAD software for medical application 

• medical image editing software for medical application 

• medical image analysis software 

• medical image processing 

 

4.2.2 Scrutinising the literature 

In Step 2, the sourced literature was carefully examined to determine whether the sources contained 

information relevant to the selection of alternative MIP or CAD software that can be evaluated in 

prosthesis manufacturing process chains. To find the pertinent literary sources, four screening filters 

were used in a step-by-step fashion.  Table 4.3 describes the four filters that were applied during the 

scrutiny of the sourced literature. 
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Table 4.3 Descriptions of the screening filters applied during the scrutiny of the sourced 

literature 

Screening filter Description of the filter 

1.  This filter was applied to exclude duplicate literary sources. 

2.  This filter was applied to exclude sources that were non-medical in nature. 

3.  This filter was applied to exclude sources that do not refer to 'cranio-maxillo-facial' topics. 

4.  

 

This filter was applied to exclude sources that do not refer to external maxillofacial 

prostheses design and manufacturing. 

 

4.2.3 Listing of relevant software  

After the screening filters were applied and the irrelevant literary sources excluded, the remaining 

literature was thoroughly inspected in Step 3 to identify MIP and CAD software. The identified MIP 

and CAD software were listed in separate master lists created in Excel spreadsheets. Besides the 

information that could be gleaned from the literature about the MIP and CAD software, the master lists 

were supplemented with additional information obtained from the developers' web pages. This 

information included the version of the software, year of release, the general aim of the software, the 

operating system, and cost (if available).  

4.2.4 Selection of the software for evaluation 

In Step 4, MIP and CAD software were selected for further evaluation in process chains for the 

manufacturing of external maxillofacial prostheses. Four inclusion criteria were applied to the MIP and 

CAD software master lists to select software (Table 4.4). Initially, a first round of software selection 

was performed on the software in the master lists using the first two criteria. The software found in the 

first round was then subjected to the final two criteria, yielding MIP and CAD software that were 

deemed suitable for advancing to further evaluation. Because the performance of the selected 
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software applications was benchmarked against Materialise Mimics software (MIP software) and 

Geomagic Freeform, from 3D Systems, Inc. (CAD software) as recommended by the Centre for Rapid 

Prototyping and Manufacturing (CRPM) at the Central University of Technology, Free State, these 

software were also included in the selection.   

Table 4.4 Descriptions of the inclusion criteria used to select the MIP and CAD software 

  for further evaluation 

Criterion Description of software inclusion criteria 

1. Operating system A software application must use the Microsoft Windows operating system. 

2. Cost A software application must be priced at ≤ R100K. 

3. Functionality A MIP software application must have digital segmentation functions. 

A CAD software application must have digital sculpting functions. 

4. Frequency A software's frequency of occurrence will also be the final consideration in the 

selection process. 

 

4.3 Results  

4.3.1 Sourced literature  

Approximately 700 publications, from 2000 to 2023, were reviewed in the search for relevant MIP and 

CAD software. After applying the first two filters, the duplicate literary sources, and sources referencing 

unrelated software information, non-medical applications, and non-applicable medical applications, 

were removed (Figure 4.2). The remainder of the sources were deemed appropriate (n = 274) for 

further scrutiny to identify alternative MIP and CAD software that could be advanced for further 

evaluation. A comprehensive range of medical applications of MIP and CAD software was identified 

in this literature. These applications covered topics from designing and manufacturing external 

maxillofacial prostheses to medical and educational uses, pre-operative planning modelling, 
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anthropological studies, dentistry, prosthetics for limb amputees, and facial implants for severe internal 

structural trauma and deformities. In 71% of these sources, the topic of maxillofacial reconstruction 

was covered, which included 73 sources that made specific reference to external maxillofacial 

prostheses.  

 

 
 

Figure 4.2 Flow diagram depicting the systematic approach followed to eliminate  

  irrelevant literary sources 
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4.3.2 Selected MIP software  

The master list of the MIP software included applications referenced in 73 literary sources. This list 

contained 21 different MIP software applications, including the control software, Mimics. By applying 

the first two selection criteria, operating system compatibility and cost, it was determined that 10 of 

the software applications operated on the Microsoft Windows platform and were priced at or below 

R100 000. Table 4.5 displays the 21 software applications listed in the master list and the ten 

applications that were selected after the application of the first two inclusion criteria. Since Mimics 

Materialise software was considered the industry benchmark and served as the benchmark against 

which the other MIP software was evaluated, its specifications are indicated as ‘included’ in the table, 

making up a total of 11 ‘included’ MIP software applications.  
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Table 4.5 MIP software master list showing the included software based on the operating system and cost  

 Software/Developer Website Operating system License 

Commercial 
license 

cost 
(SA Rand) 

Academic 
license 

cost 
(SA Rand) 

Software 
included/ 
excluded 

1 
3D Doctor™  
Able Software Corp 

https://www.ablesw.com/ Microsoft Windows 
Open Source/ 
Proprietary 

< R85K 
(per license) 

> R43K 
(per license) 

Included 

2 
3D Slicer™ 
The Slicer Community 

https://slicer.org 
Microsoft Windows; 
Linux; Mac OS 

Open Source Free Free Included 

3 
Amira® 

Thermo Fisher Scientific https://www.thermofisher.com 
Microsoft Windows; 
Linux; Mac OS  

Proprietary 
< R357K  

(per annum) 
> R235K 

(per annum) 
Excluded 

4 
Analyze 
Analyze Direct™ 

https://analyzedirect.com 
Microsoft Windows; 
Linux; Mac OS 

Proprietary < R72K - Included 

5 
Avizo 
Thermo Fisher Scientific 

https://www.fei.com/software/avizo/
?LangType=2052 

Microsoft Windows; 
Linux; Mac OS  

Proprietary 
< R357K 

(per annum) 
> R235K 

(per annum) 
Excluded 

6 
Dolphin 3D 
Dolphin Imaging (Simulation software) 

https://www.dolphinimaging.com 
Microsoft Windows; 
Linux; Mac OS 

Proprietary 
Available for North 

America only 
Available for North 

America only 
Excluded 

7 
EasyCrania 
Microsoft® 

Developed under the platform of 
Microsoft Visual Studio 2010 - 
https://academic.microsoft.com/ 

Microsoft Windows; 
Linux; Mac OS 

Proprietary On Request On Request Excluded 

8 
ImLib3D 
ImLib3D 

https://imlib3d.soft112.com/ 
Microsoft Windows; 
Linux; Mac OS 

Open Source Free Free Included 

9 
InVesalius 
CTI (Renato Archer Information 
Technology Center, São Paulo, Brazil) 

https://invesalius.github.io 
Microsoft Windows; 
Linux; Mac OS 

Open Source Free Free Included 

10 
iPlan® CMF™ 
Brainlab® 

https://www.brainlab.com/radiosurg
ery-products/iplan-rt-treatment-
planning-software/ 

Microsoft Windows; 
Linux; Mac OS 

Proprietary R150K - Excluded 
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11 
MatLab 
MathWorks® CAD 

https://www.mathworks.com/produc
ts/matlab.html 

Microsoft Windows; 
Linux; Mac OS  

Proprietary 
> R42K  

(per annum) 
< R10K 

(per annum) 
Included 

12 
Medical Imaging Interaction Toolkit 
Workbench – MITK 
German Cancer Research Center 

http://www.mitk.org/ 
Microsoft Windows; 
Linux; Mac OS 

Open Source Free Free Included 

13 
Medical Image Processing and 
Visualisation – MIPAV 
Developed by the University of Iowa 

https://mipav.cit.nih.gov/ 
Microsoft Windows; 
Linux; Mac OS 

Open Source Free Free Included 

14 
MeVisLab 
MeVis Medical Solutions AG 

https://www.mevislab.de/ 
Microsoft Windows; 
Linux; Mac OS 

Open Source Free Free Included 

15 
Mimics®  

Materialse® (Control Software) 

https://www.materialise.com/en/me
dical/mimics-innovation-
suite/mimics 

Microsoft Windows; 
Linux; Mac OS 

Proprietary > R1.7M - 
Control - 
Included 

16 
Myrian® Studio 
Intrasence® 

https://www.intrasense.fr/ Microsoft Windows Proprietary > R200K - Excluded 

17 
Osirix 
Pixmeo® 

http://www.osirix-viewer.com Mac OS Proprietary 
< R9K 

(per annum) 
- Excluded 

18 
ProPlan CMF™ 
Materialse® 

https://www.materialise.com/en/me
dical/software/proplan-cmf 

Microsoft Windows; 
Linux; Mac OS 

Proprietary Only for Physicians  Only for Physicians  Excluded 

19 
Visualisation ToolKit – VTK 
Kitware, Inc. 

https://vtk.org/ 
Microsoft Windows; 
UNIX; Mac OS  

Open Source Free Free Included 

20 
Simpleware ScanIP 
Synopsys®, Inc. 

https://www.synopsys.com/simplew
are/software/scanip.html 

Microsoft Windows Proprietary On Request On Request Excluded 

21 
SurgiCase® 

Materialse® 

https://www.materialise.com/en/me
dical/mimics-innovation-
suite/surgicase 

Microsoft Windows; 
Linux; Mac OS 

Proprietary Only for Physicians Only for Physicians Excluded 

 Control = MIP software highlighted in blue indicates the software that was used as the control in this study.  
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The MIP software, which was selected based on the operating system and cost, was further assessed 

for its segmentation functionality and frequency of occurrence in the sourced literature. After 

evaluating the software based on functionality, three software applications were excluded. 

Furthermore, software applications that were only mentioned once in the literature were also excluded 

from further evaluation. Therefore, the control software, Mimics, and five MIP software applications 

were selected for evaluation in process chains for prostheses manufacturing. Table 4.6 shows the 

outcome of the MIP software selection process.  

Table 4.6 MIP software selected for further evaluation based on functionality and  

  frequency of occurrence in the literature  

 Software  
Segmentation 
functionality  

Number of appearances 
 in literary sources  

Selected software  

1 Mimics® (Control) ✓ 51 Selected  

2 MatLab  7 Not selected 

3 3D Slicer™ ✓ 6 Selected 

4 InVesalius ✓ 6 Selected 

5 3D Doctor™ ✓ 2 Selected 

6 MITK ✓ 2 Selected 

7 MeVisLab ✓ 2 Selected 

8 VTK  2 Not selected 

9 Analyze ✓ 1 Not selected 

10 ImLib3D ✓ 1 Not selected 

11 MIPAV  1 Not selected 
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4.3.3 Selected CAD software  

The CAD software master list included the names of software applications mentioned in the 73 

literature sources. This master list comprised of 37 different CAD software applications, including the 

control software Geomagic Freeform by 3D Systems, Inc. After applying the first two inclusion criteria, 

type of operating system, and price, it was determined that 26 CAD software applications met these 

criteria. Thus, a total of 27 CAD software applications were listed as ‘included’ for further evaluation 

in process chains. Table 4.7 shows the outcome of the CAD software selection process.   
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Table 4.7 CAD software master list showing the included software based on the operating system and cost  

Software /Developer Website Operating system License 
Commercial 
license cost 

(SA Rand) 

Academic 
license cost 

(SA Rand) 

Software 
included/ 
excluded 

1 
3D Builder  
Microsoft Corporation 

https://www.microsoft.com/en-za/p/3d-
builder/9wzdncrfj3t6?activetab=pivot:ov
erviewtab 

Microsoft Windows; 
Linux; Mac OS 

Open Source Free Free Included 

2 
3D Coat  
Pilgway® 

https://3dcoat.com/ 
Microsoft Windows; 
Linux; Mac OS 

Proprietary 
< R7K 

(per annum) 

R825 
(per annum)  

floating license 
Included 

3 
3Ds Max®  

Autodesk® 
https://www.autodesk.co.za/products/3d
s-max/ 

Microsoft Windows; 
Linux; Mac OS 

Proprietary 
< R22K 

(per annum) 
- Included 

4 
3-Matic®  
Materialse® 

https://www.materialise.com/en/softwar
e/3-matic 

Microsoft Windows; 
Linux; Mac OS 

Proprietary R179 240 - Excluded 

5 
Alias®  
Autodesk® 

https://www.autodesk.com/products/alia
s-products/overview 

Microsoft Windows; 
Linux; Mac OS 

Proprietary 
> R88K 

(per annum) 
On Request Included 

6 
AutoCAD®  
Autodesk® 

https://www.autodesk.co.za/products/au
tocad/overview 

Microsoft Windows; 
Linux; Mac OS 

Proprietary 
> R24K 

(per annum) 
On Request Included 

7 
AutoCAD 123D 
Autodesk®  

https://www.autodesk.com/solutions/12
3d-apps 

Microsoft Windows; 
Linux; Mac OS 

Proprietary Off Market Off Market Excluded 

8 
Blender  
Blender Foundation 

https://www.blender.org/ 
Microsoft Windows; 
Linux; Mac OS 

Open Source Free Free Included 

9 
CATIA®  
Dassault Systèmes 

https://www.3ds.com/products-
services/catia/ 

Microsoft Windows; 
Linux; Mac OS 

Proprietary R120K – R875K - Excluded 

10 
Cinema 4D Studio  
Maxon 

https://www.maxon.net/en/products/cine
ma-4d/overview/ 

Microsoft Windows; 
Linux; Mac OS 

Proprietary 
> R65K 

(per license) 
< R20K 

(per annum) 
Included 

11 
FormZ Pro  
AutoDesSys, Inc. 

http://www.formz.com/ 
Microsoft Windows; 
Linux; Mac OS 

Proprietary 
> R18K 

(per annum) 
< R6K 

(per annum) 
Included 

12 
Fusion 360®  
Autodesk® 

https://www.autodesk.com/products/fusi
on-360/students-teachers-educators 

Microsoft Windows; 
Linux; Mac OS 

Proprietary 
> R9K 

(per annum) 
On Request Included 
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13 
Geomagic® Design™ 
X 3D Systems®, Inc. 

https://www.3dsystems.com/software/g
eomagic-design-x 

Microsoft Windows; 
Linux; Mac OS 

Proprietary R250K - Excluded 

14 
Geomagic® 

Freeform® 3D 
Systems®, Inc. 

https://www.3dsystems.com/software/g
eomagic-freeform 

Microsoft Windows; 
Linux; Mac OS 

Proprietary R250K - 
Control - 
Included 

15 
Geomagic® Sculpt™  
3D Systems®, Inc. 

https://www.3dsystems.com/software/g
eomagic-sculpt 

Microsoft Windows; 
Linux; Mac OS 

Proprietary R190K - Excluded 

16 
Geomagic Studio®  
SculptCAD 

http://sculptcad.com/geomagic-studio/ 
Microsoft Windows; 
Linux; Mac OS 

Proprietary R290K - Excluded 

17 
Houdini®  

Side Effects Software, 
Inc. 

https://www.sidefx.com/products/houdin
i/ 

Microsoft Windows; 
Linux; Mac OS 

Proprietary 
> R128K 

(per annum) 
> R1K 

(per annum) 
Excluded 

18 
Inventor®  
Autodesk® 

https://www.autodesk.co.za/products/in
ventor/overview 

Microsoft Windows; 
Linux; Mac OS 

Proprietary 
> R30K 

(per annum) 
On Request Included 

19 
Lightwave 3D  
NewTek, Inc. 

https://www.newtek.com/lightwave/2019
/ 

Microsoft Windows; 
Linux; Mac OS 

Proprietary 
> R18K 

(per annum) 
< R4K 

(per annum) 
Included 

20 
Magics®   
Materialse® 

https://www.materialise.com/en/softwar
e/magics 

Microsoft Windows; 
Linux; Mac OS 

Proprietary R22K - Included 

21 
MakeHuman  
The Make Human 
team 

http://www.makehumancommunity.org 
Microsoft Windows; 
Linux; Mac OS 

Open Source Free Free Included 

22 
Maya®  

Autodesk® 
https://www.autodesk.co.za/products/m
aya/overview 

Microsoft Windows; 
Linux; Mac OS 

Proprietary 
> R23K 

(per annum) 
On Request Included 

23 
Meshmixer  
Autodesk® 

http://www.meshmixer.com/ 
Microsoft Windows; 
Linux; Mac OS 

Open Source Free Free Included 

24 
MODO®  
The Foundry 
Visionmongers Ltd. 

https://www.foundry.com/products/mod
o 

Microsoft Windows; 
Linux; Mac OS 

Proprietary 
> R12K 

(per annum) 
> R12K 

(per annum) 
Included 

25 

Moment of 
Inspiration (MoI) 
Triple Squid Software 
Design 

http://moi3d.com/ 
Microsoft Windows; 
Linux; Mac OS 

Proprietary 
> R5K 

(per annum) 
> R5K 

(per annum) 
Included 

26 
Mudbox™  
Autodesk® 

https://www.autodesk.com/products/mu
dbox/overview 

Microsoft Windows; 
Linux; Mac OS 

Proprietary 
< R2K 

(per annum) 
Free Included 
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27 
Onshape  
Onshape, Inc. 

https://www.onshape.com/ 
Microsoft Windows; 
Linux; Mac OS 

Proprietary 
< R46K 

(per annum) 
Free Included 

28 
OpenSCAD  
Marius Kintel & 
Clifford Wolf 

https://www.openscad.org/ 
Microsoft Windows; 
Linux; Mac OS 

Open Source Free Free Included 

29 
Poser  
Smith Micro Software, 
Inc. 

https://www.posersoftware.com/ 
Microsoft Windows; 
Linux; Mac OS 

Proprietary 
< R3K 

(per annum) 
- Included 

30 
RapidForm  
INUS Technology, Inc. 

http://www.rapidform.com 
Microsoft Windows; 
Linux; Mac OS 

Proprietary 

Incorporated with 
Geomagic® Software, now 
owned by 3D Systems™, 

Inc. – new name 
Geomagic® Design™ 

- Excluded 

31 

Rhino3D/Rhinoceros
® 

Robert McNeel & 
Associates 

https://www.rhino3d.com/ 
Microsoft Windows; 
Linux; Mac OS 

Proprietary 
> R18K 

(per annum) 
< R4K 

(per annum) 
Included 

32 
Sculptris   
Pixilogic®, Inc. 

https://pixologic.com/sculptris/ 
Microsoft Windows; 
Linux; Mac OS 

Open Source Free Free Included 

33 
Siemens NX  
Siemens PLM 
Software 

https://www.plm.automation.siemens.co
m/global/en/products/nx/ 

Microsoft Windows; 
Linux; Mac OS 

Proprietary 
> R180K 

(per annum) 
Specialised 
Use Only 

Excluded 

34 
Simplify3D® 

Simplify3D®  
https://www.simplify3d.com/ 

Microsoft Windows; 
Linux; Mac OS 

Proprietary 
< R3K 

(per annum) 
< R3K 

(per annum) 
Included 

35 
SketchUP  
Trimble, Inc. 

https://www.sketchup.com/ 
Microsoft Windows; 
Linux; Mac OS 

Open Source Free Free Included 

36 
Solidworks® 

Dassault Systèmes  
https://www.solidworks.com/ 

Microsoft Windows; 
Linux; Mac OS 

Proprietary 
<R126K 

(per license) 
- Excluded 

37 
ZBrush™  
Pixilogic®, Inc. 

https://pixologic.com/ 
Microsoft Windows; 
Linux; Mac OS 

Proprietary 
>R16K 

(per license) 
>R8K 

(per license) 
Included 

 Control = CAD software highlighted in blue indicates the software that was used as the control in this study.  
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The CAD software, that were selected based on their operating system and cost, was further assessed 

for their digital sculpting functionality and frequency of occurrence in the literary sources. After 

evaluating the software, 11 of the 27 software applications were found to have passed the digital 

sculpting functionality evaluation (Table 4.8). Additionally, one further software application was 

excluded because it was only mentioned once in the literature. After both rounds of exclusion, 9 CAD 

software applications (excluding the control Geomagic Freeform) were deemed suitable for further 

evaluation. In total 10 software applications (including the control software) were advanced to the next 

round of evaluation. 

Table 4.8 CAD software selected for further evaluation based on functionality and  

  frequency of occurrence in the literature 

 Software  
Digital 

sculpting 
functionality 

Frequency of 
occurrence in literary 

sources 

Software  
selected 

1 
Geomagic® Freeform® 
(Control) 

✓ 42 Selected  

2 ZBrush™ ✓ 24 Selected 

3 Rhino3D/Rhinoceros®  15 Not selected 

4 3Ds Max®   12 Not selected 

5 Maya®  ✓ 12 Selected 

6 Blender  ✓ 9 Selected 

7 Magics®    7 Not selected 

8 Inventor®   6 Not selected 

9 Meshmixer  ✓ 5 Selected 

10 Mudbox™ ✓ 4 Selected 

11 SketchUP   4 Not selected 

12 3D Coat  ✓ 3 Selected 

13 Cinema 4D Studio  ✓ 3 Selected 

14 MODO®  ✓ 3 Selected 
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 Software  
Digital 

sculpting 
functionality 

Frequency of 
occurrence in literary 

sources 

Software  
selected 

15 Alias®   2 Not selected 

16 AutoCAD®   2 Not selected 

17 OpenSCAD   2 Not selected 

18 Sculptris   ✓ 2 Selected 

19 3D Builder   1 Not selected 

20 FormZ Pro   1 Not selected 

21 Fusion 360   1 Not selected 

22 Lightwave 3D  ✓ 1 Not selected 

23 MakeHuman   1 Not selected 

24 
Moment of Inspiration 
(MoI)  

 1 Not selected 

25 Onshape   1 Not selected 

26 Poser   1 Not selected 

27 Simplify3D®  1 Not selected 

                                                                         

4.4 Discussion and conclusion 

Following a thorough examination of over 700 scholarly publications, 73 were found to be suitable for 

the identification of MIP and CAD software that may be suitable for evaluation in process chains. The 

MIP and CAD software applications were selected from master lists compiled from the literature in 

accordance with inclusion criteria. The selection involved a stepwise process of excluding software 

that did not fit the inclusion criteria. Besides the industry-benchmark software applications, which were 

selected to act as control applications, five MIP and nine CAD software applications were selected for 

further evaluation of their software functionality. This evaluation involved software feature evaluation 

and functionality using real-world digital data.
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Chapter 5  

Evaluation of Medical Image Processing Software  
 

5.1 Introduction 

After acquiring computed tomography (CT) anatomical images of a patient in need of a prosthesis, the 

data are processed with medical image processing (MIP) software. Medical image processing software 

is used to segment the region(s) of interest (ROI) from the data volume of anatomical data to create a 

model that is used to design a prosthesis with CAD software (Tóth et al., 2021). Accuracy is a crucial 

factor to consider when processing a patient's data to avoid additional scans, which come with a 

significant radiation dosage (Tsalafoutas et al., 2020). Therefore, precise data processing and the 

creation of high-quality, functional medical models are necessary (Bibb & Winder, 2010). Models should 

be devoid of any artefacts which could affect the accuracy of the designed prosthesis. It is, therefore, 

important that less expensive alternative MIP software solutions are thoroughly evaluated and 

compared with the industry benchmark. The MIP applications that were identified in the literature in 

Phase 1 of this study, were evaluated further in Phase 2. This evaluation entailed an assessment of 

specific software features and segmentation capabilities. The sub-question addressed in this phase 

was: 

 

Which MIP software can be selected and tested based on specific software features and 

digital segmentation functionality criteria? 

 

Figure 5.1 presents a flow diagram of the process followed to select alternative MIP software to be 

tested in external maxillofacial prosthesis manufacturing process chains. 
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Figure 5.1 Presentation of the research process to identify alternative MIP software 

applications 

5.2 Materials and methods 

Following the identification of MIP software in the literature (3D Slicer, InVesalius, 3D Doctor, MITK, and 

MeVisLab), a stepwise approach was followed to compile a selection of alternative MIP software 

applications that could be evaluated in prosthesis manufacturing process chains. The MIP software 

applications identified in Phase 1 were evaluated in two rounds based, firstly, on specific software 

features, and secondly, on their digital segmentation functionality. 
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5.2.1 Identification and description of potential software evaluation features  

An evaluation guide was necessary for the first two rounds of MIP software evaluation. Using the Mimics 

software (control) and the Mimics manual as a guide, a list of potential software evaluation features, 

belonging to four categories, was identified, and described. This resulted in 24 potential evaluation 

features. Mimics was selected because it is FDA-approved and widely used in the medical industry and 

various academic institutions. It offers a comprehensive set of tools for segmenting medical scans, 

performing 3D reconstruction of anatomical structures, facilitating preoperative planning, and creating 

patient-specific designs. Table 5.1 shows the categories of the potential features and the descriptions 

of the features. 

Table 5.1 Potential features used for the selection of evaluation features to evaluate the 

  selected MIP software 

Category  Potential evaluation features Feature description 

Digital 
data 
input 

1 Able to import DICOM files 
An international standard storage file for the medical 
images with metadata collected through CT or MRI 
scanning technologies 

2 
Able to import in CT/MRI 
algorithm automatically or 
manually  

Use an automatic or manual import algorithm in CT or 
MRI 

3 Possesses display views  
2D cross-sectional images collected through CT or MRI 
scanning technologies viewed in three windows. (Axial, 
Sagittal, and Coronal) 

4 Possesses a 3D view 
2D cross-sectional images displayed in the three 
windows are stacked or merged to create a 3D-rendered 
volume 

5 
Displays logical view layout 
and user-friendly interface. 

The logical flow of the layout, icons, and views displayed 

Required 
software 
features  

6 
Able to adjust the orientation 
of imported 2D images/slices   

Anterior-posterior, right-left, top-bottom orientation 
adjustment of imported 2D images is essential for slices 
to be correct 

7 Able to move through slices 
Scrolling allows for moving through 2D images/slices 
sequentially 

8 
Able to perform versatile 
movements within views 

Move around in 2D or 3D views using panning, rotating 
and/or zooming utilities 

9 
Able to adjust contrast levels 
of images/slices 

Change contrast levels using a histogram to differentiate 
between different anatomical structures 
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Category  Potential evaluation features Feature description 

10 
Segmentation: Possesses 
manual thresholding functions 

Manually settings for selecting anatomical structures for 
mask creation 

11 
Segmentation: Able to perform 
predefined thresholding 

Predefined settings for selecting anatomical structures 
for mask creation, e.g., Bone, mandible, soft tissue 
presets 

12 
Segmentation: Able to perform 
mask editing of a single slice 

Creating and editing a mask on a single slice 

13 
Segmentation: Able to perform 
mask editing of multiple slices 

Creating and editing a mask on multiple slices 
(interpolation) 

14 
Segmentation: Able to perform 
mask subtraction. 

Creating a mask layer to subtract from the volume 

15 
Segmentation: Able to perform 
region-growing 

Create 3D surface volumes from the mask selections 

16 
Segmentation: Able to perform 
3D volume rendering 

Create a 3D rendering of the 3D surface volume of the 
ROI model 

17 Able to perform mesh repair Removing small holes and noise (clean-up mesh) 

18 
Able optimise mesh or to re-
mesh 

Reduce the number of triangles on the surface 
automatically 

Digital 
data 

output 

19 
Able to create a 3D model for 
direct 3D printing 

Design/Direct Engineering of models for 3D printing 

20 Able to export an STL file  

Export 3D model as a Stereolithography, or Standard 
Triangle Language, or Standard Tessellation Language 
(STL) file for 3D printing. File format captures surface 
texture and shape without colour information 

21 Able to export an OBJ file 
Export 3D model as an OBJ file for 3D printing 
developed by Wavefront Technologies. File format 
captures surface texture, shape, and colour 

Software 
support 

and other 
features 

22 
Provides support, bug fixes, 
and regular updates 

Software developers provide regular updates, bug fixes, 
and high-quality support to users 

23 
Provides training videos and 
tutorials 

Software websites provide training tutorials, support, and 
videos that are regularly updated to match their software 
updates 

24 
Recommend actions for 
medicine and research 

Software is frequently used in research studies, and 
developers provide links to these research articles and 
recommendations on how their software can be applied 
in different medical case studies 

 

5.2.2 Identification of evaluation features and feature evaluation  

From the 24 potential features several evaluation features were selected to evaluate the five MIP 

software applications. To determine which of the 24 potential features were crucial for this evaluation, 
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a focus group of three designers was convened. These expert designers were chosen for the focus 

groups due to their practical experience and extensive knowledge in prosthesis manufacturing, the 

process chain, and alternative software programs.  Following an in-depth discussion, the panel reached 

a consensus and suggested that the MIP software should be evaluated in two rounds. The panel 

suggested that in the first round, the five features of the category Digital data input should be used 

as inclusion criteria, and that a perfect score of 100% was required for a software application to advance 

to the next round of evaluation. The panel further recommended that twelve of the potential features 

should be considered in the second round of evaluation. To pass this round and to be considered for 

the digital segmentation functionality evaluation, a software application had to achieve a score of at 

least 10 out of 12 (Table 5.2).   

Table 5.2 Evaluation features used as inclusion criteria in the second round of MIP  

  software evaluation  

Number Inclusion criterion Task description 

1 Orientation adjustment of 
imported 2D 
images/slices   

To perform anterior-posterior, right-left, and top-bottom orientation 
adjustments of imported 2D images 

2 Movement through slices To scroll to move through 2D images/slices sequentially 

3 Contrast level of 
images/slices 

To change contrast levels using a histogram to differentiate 
between different anatomical structures 

4 Manual thresholding  To manually select settings for selecting anatomical structures for 
mask creation 

5 Predefined thresholding  To select predefined settings for selecting anatomical structures for 
mask creation 

6 Mask editing (a single 
slice) 

To create and edit a mask on a single slice  

7 Region growing  To create 3D surface volumes from the mask selections  

8 3D Volume rendering 
(calculate 3D) 

To create a 3D rendering of the 3D surface volume of the ROI 
model  

9 Mesh repair  To remove small holes and noise (mesh clean-up) 

10 Remeshing To reduce the number of triangles on the surface automatic 
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Number Inclusion criterion Task description 

11 Design/direct engineering 
of models for 3D printing 

To design/direct engineering of models for 3D printing 

12 Export as STL file  To export a 3D model as a Stereolithography, Standard Triangle 
Language, or Standard Tessellation Language (STL) file for 3D 
printing 

  

5.2.3 Evaluation of digital segmentation functionality  

Acquisition of real-world volumetric datasets 

After selecting the MIP software applications based on the evaluation of software features, their 

effectiveness in segmenting real-world volumetric datasets was assessed. To perform this evaluation, 

it was necessary to acquire CT volumetric datasets. Therefore, on the 25th of January 2019, two real-

world volumetric datasets were collected at the National District Hospital in Bloemfontein, Free State, 

Department of Health, South Africa. These datasets were referred to as Research Test Volumes 

(RTVs). A Siemens Computed Tomography (CT) scanner was used to collect the RTVs, one from a 

female subject (Subject 1) and one from a male subject (Subject 2). Table 5.3 describes the two RTVs. 

Table 5.3 Description of the acquisition information of the two RTVs used to evaluate  

  software segmentation  

Subject 1 

Test research subject information 

Gender Female  

Age 35 (at the time of data collection) 

RTV  Partial Head 

Metal implants or dental amalgam fillings present No 

CT scanner and parameters 

Data collection Siemens Computed Tomography Scanner 

Medical Facility National District Hospital in Bloemfontein, Free 
State Department of Health in South Africa 
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Subject 1 

Modality/algorithm CT 

Patient position +0.0 

Data quality Grayscale 16 bit 

Number of CT scan slices 187 (partial head scan) 

Slice thickness (mm) 0.5 

Slice increment (mm) No increment 

Voxel size (mm) 0.468 × 0.468 × 0.5 

Resolution (pixels) 512 × 512 

Subject 2 

Test research subject information 

Gender Male  

Age  52 (at the time of data collection) 

RTV  Entire Head 

Metal implants or dental amalgam fillings present Yes 

CT scanner and parameters 

Data collection Siemens Computed Tomography Scanner 

Medical Facility 
 

National District Hospital in Bloemfontein, Free 
State Department of Health in South Africa 

Modality/algorithm CT 

Patient position HFS 

Data quality Grayscale 16 bit 

Number of CT scan slices 488 (partial head scan) 

Gantry/detector tilt +0.0 

Slice thickness (mm) 0.5  

Slice increment (mm) No increment 

Voxel size (mm) 0.468 × 0.468 × 0.5 

Resolution (pixels) 512 × 512  

 

Identification of regions of interest 

To assess the segmentation functionality of the MIP software applications, regions of interest (ROIs) for 

segmentation had to be identified. This involved reviewing the RTVs to identify suitable ROIs. To identify 

the ROIs, the RTVs were imported into Mimics software and inspected. The RTV of Subject 1 had no 

artefacts; however, the dental amalgam material in Subject 2's mouth introduced streak artefacts in the 
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form of digital noise into his RTV, limiting the potential for identifying ROIs. Consequently, three ROIs 

were identified in Subject 1's RTV, while one was identified in Subject 2's RTV (Table 5.4). These ROIs 

comprised of two bony ROIs, the C1 vertebra (referred to as atlas), half skull (referred to as partial skull), 

and two soft tissue ROIs, an ear, and a nose. These ROIs were chosen because of their precise borders, 

shapes, and curves that resembled ears and noses, which were used as test geometries in further 

evaluations of the software and prosthesis manufacturing process chains.   

Table 5.4 Description of test geometries that were segmented from the RTVs with the  

  selected software and used to evaluate segmentation    

Subject   Test geometry ROI 

1 1:   C1 Vertebra (Atlas) 

1 2:   Partial Skull 

1 3:   Ear 

2 4:   Nose 

 

 

Evaluation of segmentation functionality  

The segmentation functionality of the MIP software applications was evaluated if the software had 

passed the first two rounds of software feature evaluation. Before segmentation could commence, the 

RTVs were imported into the MIP software applications, including the control software, Mimics. The 

segmentation functionality of the software applications was evaluated by segmenting the ROIs in the 

RTVs, creating four test geometries of the ROIs for each software application. These test geometries 

were then assessed to evaluate the segmentation functionality of the software used for the 

segmentation. If a software application passed the segmentation evaluation, it was included in the 

evaluation of prostheses manufacturing process chains. Segmentation involved multiple processes in 

which segmentation masks, such as Thresholding, Region Growing, and Mask Editing, were 

applied. After the completion of segmentation, an STL file was created for each test geometry. These 
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test geometries underwent two key evaluations. First, an error detection evaluation was performed in 

Meshmixer. This involved analysing discrepancies in the geometries. Second, the geometries that were 

produced in the MIP software were then compared to those produced with the control using 

CloudCompare.  

Error detection using Meshmixer 

Once the test geometries were generated by the selected MIP software applications, they were exported 

as 3D models in STL file format. The 3D models were then imported into Meshmixer software to assess 

any errors introduced during the segmentation process. The Inspector tool of Meshmixer was used to 

identify the errors in the mesh of the 3D models. The Inspector tool is an error detector and repair tool, 

which also generates measurements of the assessment indicators (Autodesk Inc. Meshmixer Manual, 

n.d.; Autodesk Inc. Meshmixer Overview, n.d.; Prusa3D Meshmixer Tutorial for 3D Printing Beginners, 

n.d.). The Inspector tool highlights the issues in the mesh with colour-coded stick/ball. The key errors 

that Meshmixer can identify include: 

1. Non-manifold edges:  

Edges that do not adhere to the manifold condition, meaning they are shared by more than two faces or 

are not shared by any faces at all. 

2. Holes:  

Gaps or missing faces in the mesh that create an open rather than a closed volume. 

3. Self-intersections:  

Faces of the mesh that intersect with each other, causing geometric inconsistencies. 

4. Flipped normals:  

Faces that are oriented incorrectly, which can cause rendering and printing issues. 

5. Duplicate faces and vertices:  

Overlapping faces or vertices that are redundant and can cause complications in the mesh structure. 

 

The error analysis was performed on the test geometries produced with the selected MIP software and 

the control software using the Inspector tool of Meshmixer. The following steps were followed to perform 

the error analysis (which included the repair process to ensure that the measurements are generated):   
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1. Import the model: 

• After opening Meshmixer, the 3D model was loaded into the workspace by clicking on Import. 

2. Perform an initial inspection: 

• Obvious errors such as holes, non-manifold edges, and disconnected components were inspected by 

selecting the Select tool to highlight areas of interest, which were visually inspected by rotating, panning, 

and zooming into the model. 

3. Analysis: 

• An analysis was performed by selecting the Inspector tool. The Inspector tool automatically detected 

various types of errors in the mesh, such as holes, disconnected vertices, and non-manifold edges. 

Detected errors are marked with coloured spheres. 

4. Repairing the model: 

• After the Inspector tool had identified the errors, the Auto Repair All button can be selected. 

• Alternatively, specific errors can be repaired by clicking on individual spheres. 

• The holes can be closed by selecting the Simple or Smooth Fill options. Smooth Fill provides a smoother 

surface after closing a hole, while Simple provides a flat fill. 

5. Advanced repairs: 

• For more complex repairs, additional tools can be used: 

o Make Solid: Converts the mesh to a solid model, which can sometimes fix difficult errors. Select 

Edit > Make Solid. 

o Bridge: Connects gaps or holes by creating new geometry. Select the Edit tool, then use Bridge. 

o Erase and Fill: Select an area around the error, then go to Edit > Erase and Fill to cleanly remove 

and fill in the area. 

6. Validation: 

• After repairing, the Inspector tool was run again to ensure all errors had been fixed. 

• The geometries were checked, and if errors had persisted, the process was repeated.  

7. Export the repaired model: 

• After fixing the errors, the model was exported by selecting File > Export and choosing the appropriate 

format (e.g., STL, OBJ). 

 

Table 5.5 presents the error and repair analysis information that is supplied by Meshmixer's Inspector 

tool. 
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Table 5.5 Error and repair analysis output produced by Meshmixer's Inspector tool 

Analysis 
Inspector 

Total number of 
errors 

(starburst) 

After eliminating floating 
pixels around the mesh 
model (residual data) 

After errors repaired, hole 
filling, overlapping vertices 

Number of 
vertices 

Number of 
triangles 

 

A Multivariate Analysis of Variance (MANOVA) was performed on the error analyses produced with 

Meshmixer. MANOVA compared means across multiple dependent variables simultaneously to 

ascertain if changes in independent variables (Software applications) had significant effects on a 

combination of dependent variables (number of errors, number of triangles). The online calculator of 

Statistics Kingdom was used to perform these calculations (https://www.statskingdom.com/manova-

calculator.html). A 5% level of significance was used in the calculation.  

Geometry comparison using CloudCompare 

The geometries produced with the alternative MIP software that passed the two feature evaluation 

rounds were also compared to the control model using CloudCompare. The comparison entailed the 

evaluation of the mesh discrepancies between two 3D models to determine the suitability of the MIP 

software for further evaluation of performance in process chains. The STL files of the 3D models were 

first imported into CloudCompare to perform the comparisons. For each MIP software, four pairwise 

comparisons were performed; for example, each test model produced with software was compared to 

the control model.  

CloudCompare is an open-source software used for identifying and correcting errors in 3D models. The 

most important CloudCompare attributes are: point cloud processing, mesh processing, alignment and 

registration, distance computation, visualisation, and analysis tools, advanced analysis, measurement 

tools, filtering, and noise reduction (CloudCompare User Manual Version 2.6.1, n.d.). The following 

steps were followed to perform the CloudCompare comparisons:  
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1. Align the geometries: 

• The two models were initially aligned using the ICP (Iterative Closest Point) algorithm to ensure optimal 

overlapping. 

• Alignment was achieved using Edit > Register > Align (point pairs picking) or the ICP (Iterative Closest 

Point) algorithm (Edit > Register > ICP).  

2. Compute distance (Cloud-to-Mesh): 

• The Cloud-to-Cloud Distance (C2C) tool was used to quantify the geometric differences between the 

two models by selecting the two-point clouds or a point cloud and a mesh. This was achieved by 

selecting Tools > Distances > Cloud/Cloud Dist. 

o Alternatively, for Cloud-to-Mesh distance, Tools > Distances > Cloud/Mesh Dist. can be used. 

o The parameters were set (such as the maximum distance), and the distance was computed. 

3. Analyse the results: 

• Once the computation had been completed, CloudCompare generates a scalar field with the distances. 

o The distances were visualised by activating the scalar field display in the properties window. 

o The colour scale can be adjusted to highlight areas of interest by selecting Tools > Scalar fields > 

Display parameters. 

4. Extract statistical information: 

• The statistical information about the distances was obtained using Tools > Scalar fields > Compute 

stat. params. 

o Heat maps use colours to represent the magnitude of differences between two aligned models. 

This provides an intuitive visual representation of where the models differ most significantly. Blue 

areas show regions of minimal deviation, indicating that both geometries are highly consistent in 

these areas. Red areas show regions with significant deviation, suggesting discrepancies between 

the geometries are possibly due to scanning angles, occlusions, or alignment issues. Gradient 

areas are areas with a gradient from blue to red, indicate a transition in deviation, which can help 

to identify the direction and nature of the differences. 

o Mean distance (MD) is defined as the average distance between corresponding points on the two 

geometries. A lower mean distance indicates better alignment and similarity. A MD of 0.2 mm 

indicates that, on average, the points are very close, and a standard deviation (SD) of 0.05 mm 

implies that the distances are consistent. 

o Root Mean Square (RMS) distance is defined as the square root of the average of the squared 

distances. It gives more weight to larger deviations, providing an overall measure of the difference 

magnitude. An RMS distance of 0.22 mm suggests that most of the points are well-aligned with 

some minor deviations. An RMS = 0 indicates that the histograms are identical; RMS ~ 1 indicates 

that both histograms are obtained from the same parent distribution; RMS >> 1 indicates 

histograms are obtained from different parent distributions. 
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o The Gauss Chi2 distance measures how well the distribution of distances between these two 

datasets fits a normal (Gaussian) distribution. It essentially tests the hypothesis that the observed 

distance distribution follows a Gaussian distribution. A large Chi2 distance could be an indication 

that the differences between the meshes are not normally distributed and could warrant further 

investigation. It could suggest issues such as outliers, significant deviations, or other abnormal 

behaviours in the data. 

o A histogram shows the frequency distribution of the distances between points. This helps visualise 

how distances are spread and identify any outliers. 

 

 

5.2.4 Selection of alternative MIP software 

A systematic approach was followed to identify the most suitable alternative MIP software that should 

be evaluated in process chains. The evaluations performed with Meshmixer and CloudCompare were 

carefully analysed using the following steps: 

Meshmixer output evaluation: 

• The Starburst output of the colour-coded stick/ball indicators produced by Meshmixer's Inspector tool 

was compared across the groups of ROI models, including the atlas, partial skull, ear, and nose. 

• The number of errors within each group of models was also assessed and compared to evaluate 

software performance. 

CloudCompare output evaluation: 

• The heat maps generated by CloudCompare for different the groups of ROI models, including atlas, 

partial skull, ear, and nose, were examined. 

• The histograms were analysed to assess the distribution of distances, identify patterns, and detect 

outliers within the data. 

• The statistical outputs from CloudCompare were finally reviewed to identify trends and patterns that 

could influence software selection. 

 

5.3 Results 

5.3.1 MIP software features evaluation  

During the initial phase of evaluating the five alternative MIP software applications chosen in Phase 1, 

the software's capabilities and attributes that related to Digital data input were evaluated. Three 
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software applications, in addition to the control software, received perfect scores of 100% and were 

chosen for the second evaluation round. In this stage of the evaluation, MeVislab and MITK were 

eliminated, because their scores were less than 100%. Table 5.6 presents the evaluation of the Digital 

data input features.  

Table 5.6 First round of alternative MIP software evaluation based on the Digital data  

  input features 

Evaluation feature 

MIP software evaluation 

Mimics 
(C) 

3D 
Slicer 

InVesalius MeVislab MITK 3D Doctor  

Import DICOM files 
✓ ✓ ✓ ✓ ✓ ✓ 

Import in CT/MRI 
algorithm  

✓ ✓ ✓ ✓ ✓ ✓ 

Possesses display views  
✓ ✓ ✓  ✓ ✓ 

Possesses a 3D view 
✓ ✓ ✓ ✓ ✓ ✓ 

Displays logical view 
layout and user-friendly 
interface. 

✓ ✓ ✓   ✓ 

Total score 5 5 5 3 4 5 

% score 100 100 100 60 80 100 

    C = control software application 

The 12 selected software features were evaluated in the second round of the evaluation of the MIP 

software. Aside from the control software, the software applications, 3D Slicer and InVesalius, were 

selected for evaluation of segmentation functionality based on their satisfactory scores in the first round, 

which were greater than 80%. In this round, 3D Doctor was eliminated, because it scored less than 

80%. Table 5.7 shows the outcome of the second round of MIP software evaluation using the 12 

inclusion software features.  
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Table 5.7 Second round of alternative MIP software evaluation based on the twelve 

inclusion software criteria 

Inclusion criterion 
MIP software 

Mimics (C) 3D Slicer InVesalius 3D Doctor 

Orientation adjustment of imported 2D 
images/slices   

✓ ✓ ✓  

Movement through slices ✓ ✓ ✓ ✓ 

Contrast level of images/slices ✓ ✓ ✓ ✓ 

Manual thresholding  ✓ ✓ ✓ ✓ 

Predefined thresholding  ✓ ✓ ✓  

Mask editing (a single slice) ✓ ✓ ✓ ✓ 

Region growing  ✓ ✓ ✓ ✓ 

3D Volume rendering (calculate 3D) ✓ ✓ ✓ ✓ 

Mesh repair  ✓  ✓  

Remeshing ✓    

Design/Direct engineering of models for 
3D printing 

✓ ✓ ✓ ✓ 

Export as STL file  ✓ ✓ ✓ ✓ 

Total score  12 10 11 8 

% score 100 83.3 91.7 66.7 

   C = control software application 

5.3.2 MIP software digital segmentation functionality 

Besides the control software, Mimics, 3D Slicer, and InVesalius successfully passed the software 

features evaluation. These software applications were thus subjected to an assessment of their digital 

segmentation functionality. Table 5.8 presents photographs of the 3D models of the four ROIs produced 

by the three MIP software applications. It was challenging to objectively evaluate the quality of the 

models based solely on their visual appearance. Therefore, the models of the different MIP software 

applications were subjected to further assessments. 
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Table 5.8 Photographs of the 3D models produced by Mimics, 3D Slicer, and InVesalius 

Mimics 
Atlas

 

 
Partial skull 

 
Ear 

 

Nose 

 
3D Slicer 
Atlas 

 

 
Partial skull   

    
Ear 

 

Nose 
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InVesalius 
Atlas 

 

 
Partial skull 

 
Ear 

 

Nose 

 
 

5.3.3 Error detection using Meshmixer 

To achieve a greater understanding of how the segmentation functionality of the three MIP software 

compared, the error density of the segmented 3D models was assessed in Meshmixer. For three of the 

models, atlas, ear, and nose, the control software introduced the least number of errors, which was also 

evident in the starbursts (Table 5.9). When comparing the models produced with 3D Slicer and 

InVesalius, no clear distinction between the software applications could be made based on the 

introduction of errors. Therefore, a MANOVA was performed to statistically assess the differences 

across multiple dependent variables simultaneously. The MANOVA test indicated that there was a non-

significant small difference in the software applications between the different groups, F(4, 18) = 1.09, p 

= .391, Pillai's V = 0.39, partial  η2 = .2. The error assessment thus revealed that none of the alternative 

MIP software consistently outperformed the other software. It could, therefore, be concluded that it was 

not feasible to identify alternative MIP software at this stage of the evaluation, which suggested that 

further testing was necessary. 
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Table 5.9 Meshmixer Inspector error analysis of the atlas, partial skull, ear, and nose  

  models of Mimics, 3D Slicer, and InVesalius                  

Atlas  
Mimics

 

 
3D Slicer

 

 
InVesalius

 

Software Number of errors Number of vertices Number of triangles 

Mimics (C) 32 30423  60854 

3D Slicer 359 40552 79796 

InVesalius 173 20743 40768 

Partial skull  
Mimics                                           

 
3D Slicer                                           

 
InVesalius 

   

           Software Number of errors       Number of vertices Number of triangles 

Mimics (C) 70207 2119210 4016908 

3D Slicer 46799 2049121 3722416 

InVesalius 12725 1068640 2144335 

Ear   
Mimics                                                    

 
3D Slicer                                              

 
InVesalius 

    

Software Number of errors Number of vertices Number of triangles 

Mimics (C) 0 19008 38020 

3D Slicer 14 454712 292905 

InVesalius 20 20699 40170 
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   Nose 
Mimics                                                       

 
3D Slicer 

I 
 InVesalius 

    
Software Number of errors Number of vertices Number of triangles 

Mimics (C) 7 19942 38490 

3D Slicer 146 1263292 1183675 

InVesalius 511 144340 292340 

 

 

5.3.4 MIP software model comparison with control model 

Several analyses, using CloudCompare, were performed to further assess how the segmentation 

functionality of the MIP software compared with the control software (Mimics). These analyses included 

the visual inspection of the heat maps and the inspection of several statistics. 

Heat map of atlas comparison 

The heat maps generated in CloudCompare revealed noticeable visual differences when the atlas 3D 

models of the alternative MIP software were compared to the models of the control software. For the 

3D Slicer model, most of the discrepancies with the control atlas model fell within the mid-range of the 

heat map, with a few larger deviations highlighted in red (Table 5.10). In contrast, the heat map of the 

comparison between the InVesalius atlas model and the control model showed differences 

predominantly in the blue-green range, indicating that many discrepancies between these models were 

relatively minor. 
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Table 5.10 Visual comparisons of Mimics segmented atlas model and the 3D Slicer  

  and InVesalius models 

3D Slicer

 

 

 

 

 
InVesalius  

 

 

 

 

 

 

Heat map of partial skull comparison 

The heat maps of the comparison between the segmented models of the partial skull produced with 3D 

Slicer and InVesalius with the control model revealed noticeable visual differences. These differences 

contrasted the findings for the atlas. For the 3D Slicer model, most discrepancies with the control skull 

model fell within the mid-range of the heat map, with a few significant deviations highlighted in red (Table 

5.11). In contrast, the heat map comparing the InVesalius model to the control partial skull model 

showed differences predominantly in the yellow-red range, indicating that many of the discrepancies 

between these models were relatively large. 
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Table 5.11 Visual comparisons of Mimics segmented partial skull model with 3D Slicer  

  and InVesalius models 

3D Slicer 

 

 

 

 

 
InVesalius 

 

 

 

 

 

 

Heat map of ear comparison 

The heat maps comparing the 3D Slicer and InVesalius segmented ears with the Mimics segmented 

ear were largely similar. For both the 3D Slicer and InVesalius models, most discrepancies with the 

Mimics ear model fell within the mid-range of the heat map, with a few significant deviations highlighted 

in red (Table 5.12). However, the heat map of the InVesalius model displayed noticeably more 

significant discrepancies, highlighted in red, than the 3D Slicer model. 
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Table 5.12 Visual comparisons of Mimics segmented ear model with 3D Slicer and  

  InVesalius models  

3D Slicer 

 

   

    

 

 
InVesalius 

 

 

 

 

 

 

Heat map of nose comparison 

When the heat maps of the 3D Slicer and InVesalius nose models were compared with the Mimics nose 

model, distinct visual differences were found. In the 3D Slicer model, most discrepancies with the Mimics 

nose model were distributed across the upper mid-range to the red spectrum, indicating a range of 

minor to substantial differences (Table 5.13). Conversely, the InVesalius nose model exhibited large 

regions with relatively minor discrepancies highlighted in green alongside substantial areas with 

significant discrepancies highlighted in dark red. 
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Table 5.13 Visual comparisons of Mimics segmented nose model with 3D Slicer and 

InVesalius models  

3D Slicer 

        
InVesalius 

         
 

Comparative statistics 

The statistical analyses with CloudCompare contributed to a better understanding of the general 

agreement or divergence between the models produced with the control software and the models 

produced with 3D Slicer and InVesalius. The analyses supported the visual inspection of the heat maps, 

highlighting deviations in the segmentation models produced by 3D Slicer and InVesalius when 

compared to the Mimics model. The histograms and Gaussian Chi2 distance values indicated that none 

of the distance distributions followed a Gaussian pattern, which suggested that the differences between 

the two datasets were not random but probably followed systematic patterns or contained outliers. The 

histograms also showed an overrepresentation of extreme distance measurements at the far right of 

most distributions, while some histograms displayed peaks within the distributions, which indicated an 
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overrepresentation of certain distance measurements. The mean distance and RMS values verified that 

the discrepancies in the 3D Slicer models were slightly less pronounced than the InVesalius models of 

the partial skull, ear, and nose, although this trend was not true for the atlas. Table 5.14 lists the statistics 

of the CloudCompare comparisons between the models of the control software Mimics and the models 

produced with 3D Slicer and InVesalius.
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Table 5.14 Statistics of the CloudCompare comparison of the 3D Slicer and InVesalius models with the Mimics models  

ROI Geometry comparison 

CloudCompare distance comparison statistics 

Mean distance RMS distance Gauss Chi2 
distance 

Differences histogram Remark 

Atlas Mimics + 3D Slicer 0.166 (SD = 0.169) 
 
Value is less than 0.2 mm, 
which indicates that on 
average, the points are 
close. 

0.237 
 
Value suggests that 
most of the points are 
well-aligned with some 
deviations. 

362308 

 

Mimics geometry slightly 
smaller than the 3D Slicer 
geometry. Similarly, between 
geometries are relatively 
high. 

Atlas Mimics + InVesalius  0.088 (SD = 0.212) 
 
Value is much less than 
0.2 mm, which indicates 
that on average, the points 
are very close. 

0.230 
 
Value suggests that 
most of the points are 
well-aligned with some 
deviations. 

42255.2 

 

Mimics mesh is a little smaller 
on the X-axis and the Z-axis. 

Skull Mimics + 3D Slicer 0.020 (SD = 0.129) 
 
Value is much less than 
0.2 mm, which indicates 
that on average, the points 
are very close. 

0.131 
 
Value suggests that 
most of the points are 
well-aligned with some 
minor deviations. 

1 × 107 

 

Both geometries are very 
similar in size. The Mimics 
mesh is a little larger on the 
Y-axis, however on the Z-axis 
just a little smaller. The 
Mimics mesh also consists of 
slightly more faces. 

© Central University of Technology, Free State



C h a p t e r  5 :  M e d i c a l  I m a g e  P r o c e s s i n g  S o f t w a r e  P a g e  | 88 

 

Skull Mimics + InVesalius 0.050 (SD = 0.300) 
 
Value is much less than 
0.2 mm, which indicates 
that on average, the points 
are very close. 

0.300 
 
Value suggests that the 
points are reasonably 
well-aligned with some 
deviations. 

1 × 107 

 

The Mimics mesh is smaller 
on the X-axis as well as little 
smaller on the Y-axis and the 
same size on the Z-axis. 

Ear  Mimics + 3D Slicer -0.042 (SD = 0.164) 
 
Value is less than 0.2 mm, 
which indicates that on 
average, the points are 
close. 

0.169 
 

Value suggests that 
most of the points are 
well-aligned with some 
minor deviations. 

1.305 × 106 

 

Both geometries are similar 
in size. 

Ear Mimics + InVesalius 0.122 (SD = 0.336) 
 

Value is less than 0.2 mm, 
which indicates that on 
average, the points are 
close. 

0.357 
 

Value suggests that the 
points are reasonably 
well-aligned with some 
deviations. 

577598 

 
 

Mimics mesh is slightly larger 
on the X-axis and the Z-axis 
and almost the same size on 
the Y-axis. 
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Nose  Mimics + 3D Slicer 0.140 (SD = 0.190) 
 

Value is less than 0.2 mm, 
which indicates that on 
average, the points are 
close. 

0.236 
 

Value suggests that 
most of the points are 
well-aligned with some 
deviations. 

1 × 107 

 

Both meshes are similar in 
size. 

Nose Mimics + InVesalius 0.288 (SD = 0.300) 
 

Value is greater than 0.2 
mm, which indicates that 
on average, the points are 
not so close. 

0.416  
 

Value suggests that the 
points are not so well-
aligned with some large 
deviations. 

1 × 107 

 

Mimics mesh is a little smaller 
on the X-axis and the Z-axis, 
and larger on the Y-axis. 
 
 

RMS = Root mean square; SD = Standard deviation 
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5.4 Discussion and conclusion 

After completing the Meshmixer and CloudCompare evaluations, it became evident that there was no 

clear distinction in the digital segmentation performance between 3D Slicer and InVesalius. Although 

3D Slicer demonstrated slightly better segmentation accuracy in terms of deviations from the control 

software Mimics, the differences were not substantial enough to warrant the exclusion of either 

software application. According to Yap Abdullah et al. (2024) and Mandolini et al. (2022), 3D Slicer 

slightly outperformed InVesalius in terms of 3D reconstructions and geometric accuracy. 

Consequently, it was decided that the performance of both 3D Slicer and InVesalius would be 

evaluated in process chains for the manufacturing of external maxillofacial prostheses. Both 3D Slicer 

and InVesalius are open-source software, which makes them particularly well-suited for integration 

into more cost-effective process chains. 3D Slicer offers extensive modules for image segmentation, 

3D modelling, and surgical planning, which are critical components in prosthesis design (Fedorov et 

al., 2012). The application is also known for its precision in anatomical replication (Pieper et al., 2004). 

InVesalius, on the other hand, excels in the visualisation and reconstruction of anatomical structures 

from DICOM files, with strong segmentation tools that facilitates precise delineation of anatomical 

regions (Amorim et al., 2015; Kamio et al., 2020). Both software applications support various file 

formats, which are of value in CAD processing (Jardini et al., 2014; Durisetti et al., 2022) and highlight 

their potential use in prosthesis manufacturing process chains. 
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Chapter 6  

Evaluation of Computer-aided Design Software  
 

6.1 Introduction 

The computer-aided design (CAD) software applications that were found in the literature in Phase 1, 

were further evaluated in Phase 2. CAD software allows for the design of highly accurate three-

dimensional (3D) models of a patient's facial anatomy, using detailed scans to ensure the prosthesis 

fits seamlessly and looks natural. Designers use CAD software to design and sculpt digital prosthetic 

models, changing textures and shapes to better fit the patient's distinct facial features. This procedure 

not only makes the prosthesis more aesthetically pleasing and practical, but it also expedites 

manufacture and makes designs more repeatable. Access to advanced CAD software allows 

healthcare providers to customise facial prostheses, thereby greatly enhancing the quality of life for 

those who need these devices. Therefore, in Phase 3 a comprehensive assessment of the CAD 

software chosen from the literature was undertaken following a systematic approach. The sub-

question addressed in this phase was: 

 

Which CAD software can be selected and tested based on specific software features and 

digital sculpting capability criteria? 

 

Figure 6.1 Presents a flow diagram of the process followed to select alternative CAD software to be 

tested in external maxillofacial prosthesis manufacturing process chains. 
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Figure 6.1 Presentation of the research process to identify alternative CAD software 

applications 

6.2 Materials and methods 

The selection of CAD software was consistent with the assessment of medical image processing (MIP) 

software. In the first two rounds, the evaluation was based on key software features as inclusion 

criteria. The subsequent evaluation focused on the digital sculpting capabilities of the software. Nine 
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CAD software applications, chosen from the literature, were included in this evaluation in addition to 

the control software, Geomagic Freeform from 3D Systems, Inc. 

6.2.1 Identification and description of potential software evaluation features  

Similarly to the evaluation of the MIP software, an evaluation guide was required for the two rounds of 

CAD software feature assessment. Potential evaluation software features were identified by 

examining the control software, Geomagic Freeform, and the manual as a guide. This examination 

resulted in 33 potential features that could be used in the first two rounds of software feature 

evaluation. Table 6.1 presents the potential evaluation features along with their descriptions.  

Table 6.1 Potential features used for the selection of evaluation features to evaluate the 

  selected CAD software 

 Software feature Description 

1 Haptic device interface A haptic interface is a 3D virtual tool accompanying the software Geomagic 
Freeform. A haptic device provides precision positioning input, and high-fidelity 
force-feedback output used for digital sculpting can define and manipulate more 
organic and anatomical models. 

2 Digital sculpting interface A digital sculpting software interface facilitates the design of organic features and 
models. It uses a brush-based and carving-tool user interface, allowing digital 
sculpting of 3D virtual clay. 

3 Import 3D file formats Import 3D file formats, such as STL and OBJ.  

4 Possesses workspace A 3D virtual workspace to sculpt 3D virtual clay digitally. 

5 Coordinate system XYZ coordinates (Cartesian coordinate system). 

6 Triad/gizmo indicator XYZ coordinates displayed in the workspace, indicating the positioning of the 3D 
virtual clay model. 

7 Additional view for 
orientation in spatial virtual 
space 

A 3D virtual clay model is displayed in an additional view/window to assist 
sculpting and positioning in spatial 3D virtual space.  

8 Software user interface The logical flow of the layout, icons, and views displayed. 

9 Sculpting and modelling 
tools 

Sculpting and modelling tools to apply on a 3D virtual clay model. 

10 Navigation Move around the workspace and navigate a 3D virtual clay model using panning, 
rotating, and zooming utilities. 
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11 Layer system A layering system is required to separate each of the different activities. 

12 Buck setting Locking a 3D virtual clay model to protect it from any changes. 

13 Planes Planes to assist during alignment, cutting/slicing, and drawing on a curve. 

14 Viewing the virtual model Transparent or mesh or clay. 

15 Drawing/sketching and 
curve tools 

Drawing and sketching tools to draw a design before sculpting a 3D virtual clay 
model from the 2D drawing. 

16 2D and 3D curve editing Changing 2D and 3D curves.  

17 Measurements Measurement tools for determining the accurate measurements of a 3D virtual 
clay model created digitally to match it with real-world measurements: 3D Ruler, 
3D geometry mass properties, and surface and volume mass properties. 

18 Add and subtract clay Adding and subtracting or removing clay from the primary virtual clay model. 

19 Smoothing Smoothing functions to smooth out the surface of a 3D virtual clay model. 

20 Tugging and pulling 
(extrusion) functions 

Tugging and pulling to transform a virtual clay model.  

21 Interactive mirroring 
techniques 

Using different interactive mirroring techniques. 

22 Subdivide meshes Subdividing meshes for smoother surface sculpting. 

23 Boolean operations Union:  uniting two or more 3D virtual objects resulting in a single object;  
Intersect: intersecting two or more objects resulting in an overlapping object 
outcome; 
Difference:  subtracting one object from another; and  
Symmetric difference: unifying two or more objects that result in an object 
outcome that excludes the overlapping intersecting parts. 

24 Detailing and texturing 
virtual clay 

Embossing, engraving, and texturing a virtual clay model using different digital 
tools to create realistic detail. 

25 Photorealistic results A style of painting that resembles photography in its meticulous attention to 
realistic detail. 

26 Hyperrealistic results Hyperrealism is a genre of painting and sculpture resembling a high-resolution 
photograph. Hyperrealism is considered an advancement of Photorealism by the 
methods used to create the resulting paintings or sculptures with meticulous 
attention to realistic detail. 

27 Mask layer Creating a mask layer to subtract, move, or pull a section from the larger volume. 
Masking also protects certain areas from being altered. 

28 Cropping of 3D volume Cropping the 3D virtual clay volume to delete unwanted structures.  

29 Invert data selection Select the inverse of a virtual clay model. 

30 Remesh/retopolise Applying remeshing techniques to reduce the number of triangles of the surface 
and volume mesh. 

31 Mould generation Mould generation is important for the 3D printing process and can be achieved 
using the parting line curve, shell a model function, and create a split joint. 
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32 Export an STL file Export a 3D virtual clay model as a Stereolithography, Standard Triangle 
Language, or Standard Tessellation Language (STL) file for 3D printing. 

33 Export an OBJ file Export a 3D virtual clay model as an OBJ file for 3D printing developed by 
Wavefront Technologies. This file format captures surface texture, shape, and 
colour. 

 

6.2.2 Identification of evaluation features and feature evaluation  

To establish which of the 33 potential software features were essential for the evaluation of the CAD 

software, a focus group of three designers was constituted. The expert designers were selected for 

the focus groups based on their substantial practical experience, comprehensive knowledge of 

prosthesis design and manufacturing, and knowledge of various alternative software programs. After 

an in-depth discussion, the panel reached a consensus that 16 of the potential features should be 

used as evaluation features of the CAD software. These evaluation features belonged to the four 

categories; Digital data input, Required software features, Digital output data, Software 

support and other features. The panel further suggested that a similar evaluation approach as in 

Phase 2 should be followed. They suggested that features 1 to 5 should be evaluated in the first round 

and the remainder in the second round. For software to pass the first round required a perfect score 

of 100%, and those that passed in the first round should also obtain a perfect score in the second 

round to then be evaluated for their digital sculpting capabilities. Table 6.2 presents the 16 evaluation 

software features used in the two rounds of CAD software selection. 

Table 6.2 Evaluation features used as inclusion criteria used in the first and second 

rounds of the CAD software evaluation  

Category  Inclusion criterion  Task description 

Digital 
data 
input 

1 Able to import 3D file 
format 

Importing 3D file formats, such as STL and OBJ, is required.  

2 Have an advanced 
digital sculpting 
interface 

An advanced digital sculpting interface that facilitates the design 
of the organic features of external maxillofacial prostheses. 
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Required 
software 
features 

3 Contain 
measurement tools 

Measuring tools are required to determine how accurately the 3D 
virtual clay model scale is created digitally to match it with real-
world measurements. 

4 Able to perform 
actions to mimic 
human anatomy 
using a large variety 
of sculpting tools 
(>20) 

Creating overhangs, undercuts, and holes by adding and 
removing clay and tugging and pulling clay. 

5 Sculpting highly 
detailed models  

Able to create own surface texture tools to add advanced surface 
detailing and texturing. 

6 Able to perform 
interactive mirroring 
techniques 

Using different interactive mirroring techniques to, for example, 
mirror an ear from one side to the opposite side to replace missing 
anatomy. 

7 Able to perform 
Boolean operations 

Union - uniting two or more objects resulting in a single object;  
Intersect - intersecting two or more objects resulting in an 
overlapping object outcome; 
Difference - subtracting one object from another; and  
Symmetric difference - unifying two or more objects that result in 
an object outcome that excludes the overlapping intersecting 
parts. 

8 Able to perform 
advanced smoothing  

Smoothing out the surface without losing detail and reducing the 
geometry size. 

9 Painting and 
rendering functions 
 

Hyperrealism is a genre of painting and sculpture that resembles 
high-resolution photographs. It advances photorealism through 
methods that achieve meticulous, realistic detail in the resulting 
artworks. 

10 Transformations 
using a mask 

Creating a mask layer to subtract, move, or pull a section from the 
larger volume. 

11 Subdivide 
mesh/tessellation 

Subdividing meshes allows for smoother surface sculpting by 
adding more polygons. This is important to display fine skin 
texture on a model. 

12 Remeshing 3D 
model/retopologise 

Applying remeshing techniques reduces the number of triangles 
on the surface and the entire mesh volume, ultimately decreasing 
the file size while redistributing the triangles more evenly. 

Digital 
output 
data 

13 Able to export a STL 
file  

Export 3D geometry as an STL file for 3D printing. 

14 Able to export an 
OBJ file 

Export 3D model as an OBJ file capturing surface texture, shape, 
and colour. 

Software 
support 
and other 
features 

15 Support, bug fixes, 
and regular updates 

Software developers provide regular updates, bug fixes, and high-
quality support to users. 

16 Training videos and 
tutorials 

Software websites provide training tutorials, support, and videos 
regularly updated to match their software updates. 

First round evaluation features are highlighted in grey.  
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6.2.3 Evaluation of digital sculpting capabilities   

After selecting CAD software applications based on their software features, their effectiveness in 

digital sculpting was assessed. To facilitate this process, specific digital sculpting capabilities needed 

to be identified for evaluation. Following an extensive discussion, the focus group decided on six 

crucial CAD sculpting features that were thought to be necessary for efficient prosthesis design. These 

capabilities are outlined in Table 6.3. 

Table 6.3 CAD software digital sculpting capabilities that were evaluated  

CAD software 
manipulation  

Description of manipulation 

1. Perform remeshing  Remeshing involves redefining the mesh of a 3D model to improve its 

structure, often making it more uniform or better suited for detailed work.  

2. Perform decimation Geometric decimation is a process used to reduce the complexity of a 3D 

model by removing a certain percentage of its vertices, edges, or faces. 

3. Slice the geometry 
in half and mirror 

Slicing and mirroring involves cutting a 3D model in half and then 

duplicating one half to create a symmetrical counterpart. This is particularly 

useful in designing symmetrical objects, such as facial features, ensuring 

both sides of the model are identical. 

4. Create a thin edge The edge refers to the boundary line where two surfaces of a 3D model 

meet. In CAD software, edges are crucial for defining the shape and 

structure of a model and are often manipulated to refine or alter the 

geometry to blend in seamlessly with the surrounding anatomy. 

5. Make an overhang Make and overhang refers to creating parts of the model that extend 

outward and create an overhanging section, resulting in an undercut. This 

can be important in prosthesis design for fitting purposes, where certain 

parts need to fit snugly under others. 

6. Create skin texture Skin texture pertains to the surface details applied to a 3D model to mimic 

the appearance of skin. In facial prosthesis design, skin texture is 

important for achieving a realistic look, including details such as pores, 

wrinkles, and other fine details. 
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It was decided to use an oloid shape to assess the digital sculpting capabilities of the CAD software. 

The oloid geometry was selected because the use of a single geometry makes it easier to evaluate 

software applications consistently, and its shape simulates the depressions and curvatures of the 

human anatomy of an ear and nose. Paul Schatz described the oloid in 1929, which is a three-

dimensional curved geometric shape (DirnbÄock & Stachel, 1997). An oloid comprises of a convex 

hull of a skeletal frame made by placing two linked congruent circles in perpendicular planes so that 

each circle's centre is on its neighbouring circle's edge. The radius of the circles is equal to the distance 

between their centres. Moreover, one-third of each circle's perimeter lies inside the convex hull, so the 

same shape may be also formed as the convex hull of the two remaining circular arcs each span an 

angle of 4π/3. In this study, the simplest form of the oloid was used, referred to as the anti-oloid (Figure 

6.2). The anti-oloid geometry, designed by Tasnimul Hasan in Solidworks (Dassault Systèmes, 

SolidWorks Corporation), was sourced from the GrabCAD website (https://grabcad.com/library/anti-

oloid-4). This geometry was retrieved on the 5th of October in 2020. To prepare the downloaded 

geometry for the sculpting evaluation, it was opened in Solidworks and then exported as a 

stereolithography (STL) file. 

   

   

Figure 6.2 Images of an anti-oloid 
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CAD software manipulation 

The evaluation of the digital sculpting capabilities of the CAD software applications was conducted in 

two rounds. In the first round, the software that passed the initial feature evaluation was assessed for 

its remeshing and decimation capabilities using the anti-oloid geometry. This involved importing the 

anti-oloid geometry STL into the software and determining whether it could effectively perform these 

functions. Those applications that passed the first round progressed to the second round of evaluation. 

In the second round, their ability to perform the remaining sculpting functions, slice the geometry in 

half and mirror, create a thin edge, create an overhang, and create skin texture was evaluated. Figure 

6.3 highlights the areas on the anti-oloid where these sculpting tasks were applied. 

 

 

Figure 6.3 Places on the anti-oloid indicating where create a thin edge, create skin texture, 

and create an overhang were applied  

In this study, besides the control, Geomagic Freeform, 3D Coat, and ZBrush progressed to the 

evaluation of digital sculpting capabilities. Each of these CAD software applications employs unique 

approaches and techniques for sculpting. Therefore, Table 6.4 was prepared to provide an overview 

of the steps involved in performing the key sculpting tasks used to evaluate the capabilities of each 
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CAD software. The sculpting techniques of Geomagic Freeform are also included to highlight how the 

software applications differ in their approaches. 

Table 6.4 Methods to achieve the manipulations in Geomagic Freeform, 3D Coat and  

  ZBrush 

Manipulation Steps 

Remesh Geomagic Freeform 

1. Select the Mesh tool in the Mesh tab in the toolbar.  

2. Choose Remesh in the mesh tools section. 

3. Set the remeshing parameters, such as the target resolution or surface detail you want 

to achieve. 

4. After clicking on Apply, the polygons will be redistributed to smooth out the topology 

while maintaining the shape of the model. 

5. Review the remeshed model for uniformity in topology and surface detail. 

3D Coat 

1. Select the Retopo Room to start working with topology. 

2. Select the Retopo menu and choose Auto-Retopo. 

3. Optionally, draw strokes on your model to guide the automatic topology generation for 

important areas (for example, areas with more detail). 

4. Adjust the parameters for polygon density and detail preservation. 

5. Click Apply to generate a new mesh with optimised topology. 

ZBrush 

1. Activate Dynamesh by going to Geometry panel and clicking on Dynamesh. 

2. Set the Dynamesh resolution slider to control the density of the remesh. 

3. Enable Dynamesh by clicking the Dynamesh button, then hold Ctrl+Drag on the canvas 

to remesh your model, or use ZRemesher by selecting ZRemesher. 

4. Set the target polygon count and use options such as Keep Groups or Adaptive Size to 

maintain specific details or smooth the mesh. 

5. Click ZRemesher to automatically remesh the model, optimising the topology for 

animation or further refinement. 

Decimate Geomagic Freeform 

1. Select the Mesh tool in the Mesh tab in the toolbar and select Polygon Reduction or 

Decimation 

© Central University of Technology, Free State



C h a p t e r  6 :  C o m p u t e r - A i d e d  D e s i g n  S o f t w a r e  P a g e  | 101 

 

2. Define the level of decimation, typically by percentage, based on how much you want to 

reduce the polygon count. 

3. After clicking on Apply, the mesh complexity will be reduced while preserving as much 

detail as possible. 

4. Review the model to ensure no important details were lost or distorted during the 

decimation process. 

3D Coat 

1. Select the Sculpt Room to work on decimation. 

2. Under the Voxel or Surface Mode menu, select the Decimate tool. 

3. Set the decimation percentage or target polygon count. 

4. Click Apply to reduce the polygon count while keeping the shape intact. 

ZBrush 

1. From the Zplugin menu, select Decimation Master. 

2. Click Preprocess Current to allow ZBrush to analyse the model in preparation for 

decimation.  

3. After preprocessing, choose the percentage of decimation.  

4. Click Decimate Current to reduce the polygon count while preserving the model's 

details. 

Slice Geomagic Freeform 

1. Under the Edit tab, select the Slice tool. 

2. Choose the plane along which you want to slice the model (for example, X, Y, or Z 

plane). 

3. Use the plane manipulators or input numerical values to place the slice at the desired 

location. 

4. Once the plane is positioned, execute the slice by clicking Apply. 

3D Coat 

1. Ensure you are working in Voxel Mode or Surface Mode. 

2. Select the Voxels or Surface Mode menu and select the Cut Off or Split tool. 

3. Use a brush, spline, or plane to define where you want to slice the model. 

4. Apply the cut by pressing Enter or clicking Apply. 

ZBrush 

1. Select the Slice Curve brush by pressing B, then S, then I. 

2. Click and drag to define the slicing path. Hold Shift to constrain the cut to straight lines, 

or hold Ctrl+Shift to create a custom slicing curve. 
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3. Release the mouse to execute the slice. The model will be split along the curve into 

separate polygroups. 

Mirror Geomagic Freeform 

1. Under the Edit tab, select the Mirror tool. 

2. Specify the plane along which you want to mirror the model (for example, X, Y, or Z). 

3. Execute the mirror operation by clicking Apply. 

3D Coat 

1. Activate Symmetry by pressing S or going to the Symmetry menu. 

2. Choose the axis for symmetry (X, Y, or Z) by selecting the appropriate plane for the 

mirror operation. 

3. Once the symmetry plane is set, the mirroring will automatically occur as you sculpt or 

manipulate the model. 

ZBrush 

1. In the Tool > Geometry menu, find the Modify Topology section. 

2. Select Mirror and Weld to mirror the model across the desired axis. By default, this 

works across the X-axis. 

3. To mirror on other axes, change the mirror direction under the Deformation menu by 

choosing Mirror for the X, Y, or Z axis. 

4. To mirror actions during sculpting, activate Symmetry by pressing X and choosing the 

axis of symmetry. 

Make edge Geomagic Freeform 

1. Choose the Carve Tool or Knife Tool from the Sculpt menu. 

2. Use these tools to sculpt sharp features along the surface where you want the edge. 

Adjust brush settings such as size and strength for precision. 

3. If you need a cleaner edge, switch to the Trim Tool to refine the edges or use the 

Crease tool for sharper results. 

4. Use the Smooth Tool to soften transitions around the edge, but leave the edge itself 

sharp. 

3D Coat 

1. For sharp features such as edges, use Surface Mode. 

2. Select the Crease Tool from the sculpting brushes. Adjust its intensity and brush size. 

3. Apply the tool along the surface where you want to create a sharp edge. For better 

control, use the Spline Tool for precise lines. 

4. To make the edge crisper, use the Pinch Tool or Flatten Tool along the edge. 
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ZBrush 

1. Select the DamStandard Brush (press B, D, S) to create sharp cuts and edges. 

2. Drag the brush along the surface to carve a sharp edge into the model. Adjust brush 

settings such as intensity to control the depth and sharpness. 

3. After drawing the edge, use the Pinch Brush (press B, P, I) along the edges to tighten 

them and make them crisper. 

Make 

overhang 

Geomagic Freeform 

1. Use the Clay Tool to build up the geometry where the overhang will be. 

2. Align your view to easily manage the projection of the overhang. 

3. Use the Pull Tool or Drag Tool to create the overhanging geometry by stretching the 

material outward from the surface. 

4. Use the Smooth Tool around the base of the overhang to blend it with the main 

structure, keeping the overhang itself intact. 

3D Coat 

1. Start in Voxels Mode for ease of sculpting complex overhangs. 

2. Select the Grow Tool to add material where the overhang will be. 

3. Use the Move Tool to pull and shape the overhanging area. 

4. If necessary, switch to Surface Mode and use the Smooth Tool to soften the base of 

the overhang while preserving the structure. 

ZBrush 

1. Select the Move Brush (press B, M, V) to pull out parts of the model to form the 

overhang. 

2. Use a larger brush to create broader strokes for pulling out the overhang. 

3. Gently pull the geometry out from the model to form the overhang. 

4. Use the Move Topological Brush for finer adjustments to the overhang and the 

surrounding area. 

Make texture Geomagic Freeform 

1. Ensure that the haptic device is connected and calibrated. This allows for tactile 

feedback when sculpting. 

2. Select the Sculpt menu and select a tool such as the Add/Subtract tool. 

3. Use a predefined stippling brush or create a custom texture brush by adjusting the 

pattern settings. 
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4. Start applying the stippling texture by gently dabbing or brushing the tool over the 

surface of the model. Adjust pressure and spacing to control the size and depth of the 

stipples. 

5. Use the Smooth Tool lightly if needed to blend any rough areas without losing the 

stipple detail. 

3D Coat 

1. Ensure you are in Surface Mode for detailed sculpting. 

2. Choose a Stencil or Alpha that mimics stippling. 3D Coat comes with many presets, or 

you can import a custom alpha texture that replicates skin pores or stippling. 

3. Use the brush to apply the stippling texture across the model's surface. Adjust the 

intensity and brush settings to control the depth and frequency of the stipples. 

4. Use the Smooth Tool to soften edges as needed, but avoid over-smoothing, which can 

erase stipple details. 

ZBrush 

1. Select the Alpha menu and select a stippling or skin texture alpha. If none is available, 

import a custom alpha that mimics the stippling effect. 

2. Use the Standard Brush with the selected stippling alpha. Adjust the brush size and 

intensity as needed. 

3. Gently drag or tap the brush over the surface of the model to create the stippling 

texture. Experiment with stroke type and drag rectangle for uniform application. 

4. Fine-tune the Z Intensity slider to control the depth of the stippling. Use lower values 

for subtle texture and higher values for more pronounced stipples. 

5. After applying the stipples, lightly use the Smooth Brush to refine any harsh transitions 

without losing the texture. 

 

6.2.4 Selection of alternative CAD software 

In the final stage, alternative CAD software was selected for the evaluation of their performance in 

prostheses manufacturing process chains. The sculpting capabilities to slice the geometry in half 

and mirror, create a thin edge, create an overhang, and create skin texture, were evaluated in 

this stage. The anti-oloid geometries that were produced after creating an edge, an overhang, and 

texture were inspected visually, followed by an analysis in Meshmixer to detect if any errors were 
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introduced during the sculpting process. Based on the results of these assessments, the most 

promising alternative CAD software was selected for evaluation in the manufacturing process chains. 

6.3 Results 

6.3.1 CAD software features evaluation  

In addition to the control software, nine alternative CAD software applications were assessed based 

on the evaluation of software features. Along with the control software, three of the selected CAD 

software applications achieved perfect scores in this first round of evaluation and were subsequently 

advanced to the second round of evaluation. Table 6.5 presents the software features used in the first 

round of evaluation and the scores awarded to the CAD software applications.   

Table 6.5 First round of alternative CAD software evaluation based on the Digital data 

input features 

Evaluation feature 
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1. Import 3D file format ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

2. Advanced digital  
      sculpting (clay) 

interface 
✓ ✓      ✓  ✓ 

3. Measurement tools ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓  ✓ 

4. Large variety of 
sculpting tools (>20) 

✓ ✓      ✓  ✓ 

5. Sculpting highly 
detailed models 

✓ ✓      ✓ ✓ ✓ 

Total score 5 5 3 2 2 2 2 5 2 5 

% score 100 100 60 40 40 40 40 100 40 100 
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Together with the control software, three alternative software applications, 3D Coat, Mudbox, and 

ZBrush, were evaluated in the second round. In this round, all these applications demonstrated perfect 

scores of 100%. Based on this result, all three alternative software applications progressed to the 

evaluation of their digital sculpting capabilities. The inclusion criteria and software scores are shown 

in Table 6.6. 

Table 6.6 Second round of alternative CAD software evaluation based on the eleven 

inclusion software features 

Inclusion criterion 

CAD software 

Geomagic 
Freeform 

(C) 
3D Coat Mudbox ZBrush 

Able to perform interactive mirroring 
techniques 

✓ ✓ ✓ ✓ 

Able to perform Boolean operations ✓ ✓ ✓ ✓ 

Able to perform advanced smoothing  ✓ ✓ ✓ ✓ 

Painting and rendering functions ✓ ✓ ✓ ✓ 

Transformations using a mask ✓ ✓ ✓ ✓ 

Subdivide mesh/tessellation ✓ ✓ ✓ ✓ 

Remeshing 3D model/retopologise ✓ ✓ ✓ ✓ 

Able to export an STL file  ✓ ✓ ✓ ✓ 

Able to export an OBJ file ✓ ✓ ✓ ✓ 

Support, bug fixes, and regular updates ✓ ✓ ✓ ✓ 

Training videos and tutorials ✓ ✓ ✓ ✓ 

Total score  11 11 11 11 

% score 100 100 100 100 
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6.3.2 CAD software digital sculpting capabilities  

Remeshing and decimation  

In the first round of the sculpting capability evaluation, remeshing and decimation were assessed. 

Each alternative CAD software application demonstrated unique strengths in remeshing. 3D Coat 

excelled in advanced voxel-based remeshing, while ZBrush was distinguished by its dynamic 

remeshing through Dynamesh or ZRemesher. In contrast, Mudbox lacked sophisticated tools, 

providing only basic remeshing capabilities (Sarstedt, 2012). When considering decimation, both 

3D Coat and ZBrush were equipped with robust decimation tools, whereas Mudbox's decimation 

features were comparatively limited. As a result of this evaluation, Mudbox was not advanced to the 

next round of evaluation, where physical sculpting capabilities were assessed on the anti-oloid 

geometry. Table 6.7 provides a detailed evaluation of the remeshing and decimation features of the 

CAD software applications. 

Table 6.7 Critical evaluation of alternative CAD software remeshing and decimation 

capabilities 

Critique Included in 

process chain 

evaluation 
Remesh 

3D Coat 3D Coat possesses excellent remeshing tools, which are voxel-based, 

allowing for uniform manipulation of the mesh. This capability ensures that 

the mesh remains consistent and detailed during the sculpting process. 

YES 

Mudbox Mudbox possesses remeshing tools that are limited when compared to 3D 

Coat and ZBrush. "Reduce" and "Rebuild" can help optimise the mesh, but 

they lack dynamism and flexibility. 

NO 

ZBrush The "Dynamesh or ZRemesher" feature in ZBrush is a dynamic remeshing 

tool. It allows a designer to reshape and refine models without being 

concerned about stretching or distorting the mesh. This ensures that the 

YES 
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model can be easily refined and detailed without distortion, which is critical 

for accurate prosthesis creation. 

Decimate 

3D Coat 3D Coat possesses an advanced decimation tool known as "Poly Reduce." 

This function provides a designer with the ability to significantly lower the 

polygon count of a model while retaining as much detail as possible. This 

tool is flexible and preserves essential detail while lowering polygon 

counts.  

YES 

Mudbox Mudbox have a "Reduce" feature that acts as its primary decimation tool. 

This function simplifies the mesh by reducing the number of polygons while 

attempting to preserve the overall shape and detail of the model. Mudbox's 

decimation capabilities are relatively basic compared to the more 

advanced tools in 3D Coat and ZBrush. 

NO 

ZBrush ZBrush's decimation tool, "Decimation Master," is one of the most 

advanced and widely used in the industry. Decimation Master allows a 

designer to reduce the polygon count of a model substantially while 

preserving its high-resolution detail. It is a highly advanced tool, providing 

extensive control and maintaining high detail. 

YES 

 

6.3.3 Slice and mirror of a geometry 

The haptic device of the control software Geomagic Freeform is a key component of the software that 

sets it apart from other CAD software. This device, often referred to as a haptic arm or haptic feedback 

device, allows designers to interact with 3D digital models in a tactile, hands-on manner. The intuitive 

control provided by the haptic device, facilitates precise slicing and mirroring. Because slicing can be 

highly dependent on a designer's skill, the haptic device can be a barrier for new designers. 

Additionally, even though mirroring is highly effective, it can occasionally be difficult to maintain 

alignment or symmetry across intricate organic forms without fine-tuning. Figure 6.4 shows views of 

slice and mirroring with Geomagic Freeform. 
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Geomagic Freeform   

   

Figure 6.4 Views of the slice and mirror process in Geomagic Freeform  

3D Coat offers slicing tools that allow designers to cut through voxel-based models, which is effective 

for creating clean slices in a model. Slicing in 3D Coat is straightforward and precise. Furthermore, 

3D Coat’s mirroring capabilities are also robust. Designers can mirror geometries and paint textures 

across a model, making it useful for symmetrical modelling tasks such as creating facial features. It 

should be noted that the voxel-based slicing can sometimes be challenging with very fine or intricate 

details, as cutting through dense voxel structures can lead to jagged edges or loss of detail. In general, 

mirroring goes smoothly; however, difficulties may arise when handling complex, non-uniform shapes 

that require additional adjustments after mirroring. Figure 6.5 shows views of slice and mirroring with 

3D Coat. 

3D Coat   

   

Figure 6.5 Views of the slice and mirror process in 3D Coat  

ZBrush provides various advanced slice and mirroring tools. The slicing tools are powerful, but the 

high level of detail in models can make slicing resource-intensive. The slice tool “Slice Curve” allows 

designers to cut through models in a non-destructive way, and slice across complex geometries while 

maintaining edge sharpness and precision. Mirroring in ZBrush is effective but may sometimes require 

careful alignment of the pivot point to avoid unintended asymmetry, particularly with highly detailed 
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models. The mirroring tools support both symmetrical sculpting and the mirroring of complex 

geometries. The "Mirror and Weld" function can mirror a geometry across any axis while maintaining 

high fidelity in detail. Figure 6.6 shows views of slice and mirroring with ZBrush. 

ZBrush   

          

Figure 6.6 Views of the slice and mirror process in ZBrush 

Edge- and overhang-making, and texture application 

In the final stage of evaluating sculpting capabilities, the creation of edges, overhangs, and the 

application of texture were assessed. Each CAD software application demonstrated distinct 

advantages in executing these manipulations, while also presenting varying levels of complexity for 

the designer. Table 6.8 provides a critique of edge creation, overhang formation, and skin texture 

application across the different CAD software applications. 

Table 6.8 Critical evaluation of alternative CAD software’s edge-, overhang-making, and 

  texture application capabilities 

Critique 

Geomagic 

Freeform 

• Geomagic Freeform excels in creating precise edges and overhangs, owing to its 

advanced haptic device that simulates the tactile experience of sculpting. The software 

provides superior control for intricate modelling tasks such as overhangs, allowing the 

designer to manipulate the model with high accuracy. Applying textures, such as stippling 

for skin texture is intuitive and detailed, ideal for medical applications such as maxillofacial 

prostheses manufacturing. 

• The software has a steep learning curve. 

© Central University of Technology, Free State



C h a p t e r  6 :  C o m p u t e r - A i d e d  D e s i g n  S o f t w a r e  P a g e  | 111 

 

3D Coat • 3D Coat offers robust tools for creating edges and overhangs, and its voxel-based 

sculpting allows for freeform alterations without concern for topology. Texture application 

is smooth and can be done quickly using the software's intuitive brushes.  

• One of the main drawbacks is the application's handling of finer details when overhangs 

or complex textures are involved. Challenges may be experienced with mesh quality or 

when adjusting finer textures. 

ZBrush • ZBrush's dynamic topology system allows for highly detailed edge creation and overhangs, 

making it excellent for intricate sculpting. Its vast array of brushes and customisable tools 

provide flexibility in creating textures such as skin stippling, ensuring high-quality results.  

• ZBrush's interface is rather difficult. Additionally, while the application is powerful for artistic 

applications, its adaptation to medical-focused workflows, such as those in maxillofacial 

prosthetics, might require more manual setup and customisation. 

 

To achieve a greater understanding of the digital sculpting capabilities of the CAD software, the 

application of creation of edges, overhangs, and the application of texture to the geometries 

were inspected. It was visually apparent that there was not a discernible difference between the 

software applications. Additionally, the Meshmixer error detection revealed that relatively few mistakes 

were made when creating edges, overhangs, and textures (Table 6.9).      

Table 6.9 Photographs of the manipulated anti-oloid’s produced with Geomagic 

Freeform, 3D Coat, and ZBrush 

  
Geomagic Freeform 

  

 
Number of errors = 13 
(on edge) 
Vertices = 392682 
Triangles = 785312 
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3D Coat 

 
 

 
Number of errors = 0 
Vertices = 1670486 
Triangles = 3340972 

 
ZBrush 

  

 
Number of errors = 4 
(mostly on edge) 
Vertices = 725145 
Triangles = 1853608 

E = edge; O/U = overhand/undercut; T = texture 

 

6.4 Discussion and conclusion 

In conclusion, the systematic evaluation of the digital sculpting capabilities of the two alternative CAD 

software applications 3D Coat and ZBrush revealed that they were suitable for the evaluation of their 

performance in prostheses manufacturing process chains. The systematic comparison of 3D Coat and 

ZBrush did not reveal a clear distinction in their sculpting capabilities. 3D Coat emerged as an 

accessible and user-friendly alternative, offering solid sculpting capabilities, though it may struggle 

with extremely fine details (Costello et al., 2024). On the other hand, ZBrush is more complex and 

challenging to navigate, but it excels in producing detailed and flexible sculpting results, with superior 

handling of edges and textures (Sarstedt, 2012; Erolin, 2023). However, its interface presents a 

steeper learning curve, and its application in the medical field requires some adaptation. These less 

expensive alternative CAD software applications appear to be promising for inclusion in external 

maxillofacial prostheses manufacturing process chains. 
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Chapter 7  

Alternative Process Chains for External Maxillofacial 
Prosthesis Manufacturing 

 

7.1 Introduction 

The final phase of this research project addressed the practical implementation and evaluation of 

potentially cheaper alternative software for medical image processing (MIP) and computer-aided 

design (CAD) in the context of external maxillofacial prosthesis manufacturing. Historically, the 

industry-benchmarks, Mimics for MIP, and Geomagic Freeform for CAD, have set the benchmark for 

quality and functionality. However, their high cost poses a significant barrier, particularly to patients 

with limited resources, which is of major concern in South Africa. 

In this study, a systematic approach was followed to identify potential cost-effective prosthesis 

manufacturing process chain alternatives that could deliver a comparable performance to industry-

benchmark. As a result, 3D Slicer and InVesalius emerged as viable alternatives to Mimics for MIP 

tasks, while 3D Coat and ZBrush were identified as potential substitutes for Geomagic Freeform in 

CAD applications. In this final phase of the study, 3D Slicer and InVesalius were tested in combination 

with 3D Coat and ZBrush within test process chains. Additionally, the Artec Spider, a handheld surface 

scanner that uses blue light technology, as a direct data-collecting tool for CAD procedures, was also 

explored. Unlike traditional computed tomography (CT) scanning, the Artec Spider offers a cost-

effective, radiation-free method of capturing detailed surface data, which can be directly imported into 

the CAD software (Costello et al., 2024). This approach not only bypasses the need for MIP software, 

but could potentially enhance accessibility and affordability of prosthesis manufacturing in South 

Africa. By including these alternatives in test process chains and systematically comparing them to 

the industry-benchmark could contribute to valuable insights into the feasibility of using more 
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affordable software and scanning technologies in the production of high-quality external maxillofacial 

prostheses. Therefore, the sub-question addressed in this phase was: 

 

Which alternative process chains produce external maxillofacial prostheses of comparable 

quality to those produced by the industry-benchmark? 

 

Figure 7.1 presents a flow diagram of the process followed to identify alternative process chain(s) for 

the manufacturing of external maxillofacial prostheses.   

 

 

Figure 7.1 Presentation of the research process to identify alternative process chains for 

  the manufacturing of external maxillofacial prostheses  
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7.2 Materials and methods 

In this final phase of the study, six potential alternative process chains were rigorously tested to 

evaluate their efficacy in external maxillofacial prosthesis manufacturing. These process chains were 

based on the combination of 3D Slicer and InVesalius for MIP tasks with either 3D Coat or ZBrush for 

CAD tasks. Additionally, process chains using digital data sourced with the Artec Spider surface 

scanner, which were imported directly into 3D Coat and ZBrush, were also assessed. The primary 

objective was to compare the outcomes of these test process chains against a control process chain, 

which combined industry-benchmark software applications Mimics and Geomagic Freeform. In this 

study, a total of 12 test process chains were compared with two control chains. The two control chains, 

comprised of a combination of Mimics and Geomagic Freeform, one for producing an ear and the 

other for producing a nose. Eight potential alternative process chains were composed of different 

combinations of MIP software (3D Slicer and InVesalius) with two CAD applications (3D Coat and 

ZBrush). The remaining four potential alternative chains involved geometries created using the surface 

scan data, also paired with 3D Coat and ZBrush. Figure 7.2 illustrates the test process chains 

alongside the potential alternative chains together with ear and nose prostheses. 
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Figure 7.2 Control and test process chains tested for their potential use in external 

  maxillofacial prosthesis manufacturing 

7.2.1 Attributes of selected MIP and CAD software 

3D Slicer and InVesalius are MIP software applications that are open-source and designed for 

reconstructing 3D medical images from Digital Imaging and Communications in Medicine (DICOM) 

files generated by CT or magnetic resonance imaging (MRI) scans. The 3D Slicer software platform 

is designed for the analysis and visualisation of medical images. It is widely used in research and 
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clinical settings for various medical image-processing tasks. The key attributes of 3D Slicer are 

(Fedorov et al., 2012; 3D Slicer Website, n.d.; Kikinis et al., 2014):   

1.  Multimodality imaging support: 3D Slicer supports various imaging modalities, including MRI, 

 CT, PET, and ultrasound, allowing for comprehensive analysis of different types of medical images. 

2.  Image segmentation: 3D Slicer offers powerful tools for segmenting anatomical structures from 

medical images, enabling the extraction of regions of interest (for example, organs and tumours). The 

segmentation can be manual, semi-automatic, or fully automatic. 

3.  3D Visualisation: 3D Slicer provides advanced 3D visualisation tools, allowing users to create 

detailed 3D models from 2D image data. These models can be viewed, rotated, and manipulated in 

real time. 

4.  Volume rendering: 3D Slicer includes volume rendering capabilities, which allow for the visualisation 

of entire volumes of medical images, rather than just slices. This is particularly useful for understanding 

complex anatomical structures. 

5.  Quantitative analysis: 3D Slicer allows for quantitative analysis of medical images, such as 

measuring distances, areas, and volumes of segmented structures. It can also track changes over 

time in longitudinal studies. 

6.  Registration: 3D Slicer provides tools for aligning images from different modalities or time points 

(image registration). This is essential for comparing images, planning surgeries, or monitoring disease 

progression. 

7.  Support for custom extensions: 3D Slicer allows users to extend functionality by developing custom 

modules and plugins. The software has a large community of developers who contribute new tools 

and features. 

8.  Interactive user interface: 3D Slicer offers an intuitive user interface that allows for easy navigation 

and interaction with images and 3D models. The interface is highly customizable to fit different 

workflows. 

9.  Free and open source: 3D Slicer is free to use and is distributed under a permissive open-source 

license, making it accessible to researchers, clinicians, and educators worldwide. 
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10.  Clinical and research applications: 3D Slicer is used in a variety of clinical and research 

applications, including surgical planning, image-guided therapy, radiology, and neuroscience. 

11.  Community and support: 3D Slicer has a large and active user community, offering extensive 

documentation, tutorials, and forums for support and collaboration. 

 

InVesalius is an open-source software platform designed for medical image processing and 3D 

reconstruction. It is particularly popular in the fields of medical research, education, and surgical 

planning. The key attributes of InVesalius are (InVesalius Website, n.d.):  

1. Open-Source and free: InVesalius is freely available under an open-source license, making it 

accessible to various users, including researchers, healthcare professionals, and educators. 

2. Cross-platform compatibility: InVesalius is compatible with multiple operating systems, including 

Windows, Linux, and macOS, providing flexibility in its usage. 

3. 3D Reconstruction: InVesalius can create high-quality 3D reconstructions from 2D DICOM images, 

allowing for detailed visualization and analysis of anatomical structures. 

4. User-friendly interface: InVesalius is designed with an intuitive interface that makes it easier for 

users to navigate and utilize its features without extensive training. 

5. Segmentation tools: InVesalius offers robust segmentation tools that enable users to isolate and 

analyse specific regions of interest (ROIs) within the medical images. 

6. Export options: InVesalius supports exporting 3D models in various formats, such as 

stereolithography (STL) and OBJ, which can be used for 3D printing or further processing in other 

CAD software. 

7. Community and support: InVesalius is an open-source project, benefits from a community of users 

and developers who contribute to its continuous improvement and provide support through forums and 

documentation. 
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3D Coat is a versatile and comprehensive CAD software widely used for digital sculpting, texturing, 

and 3D modelling. The key attributes of 3D Coat are (Pilgway Studio, n.d.): 

1. Voxel sculpting: 3D Coat excels in voxel-based sculpting, allowing for the creation and manipulation 

of complex, highly detailed 3D models without worrying about topology. 

2. Retopology tools: 3D Coat includes powerful automatic and manual retopology tools, enabling users 

to create clean and efficient meshes from high-resolution models, which is essential for animation and 

game design. 

3. Texturing and painting: 3D Coat offers advanced texturing capabilities, including PBR (Physically 

Based Rendering) texture painting, which allows for realistic texturing with support for multiple layers 

and blending modes. 

4. UV mapping: 3D Coat provides robust UV mapping tools that simplify the process of creating and 

editing UV maps, which is essential for applying textures accurately on 3D models. 

5. Rendering: 3D Coat includes a built-in renderer that supports PBR, enabling users to visualise their 

models with realistic lighting and materials. 

6. Import and export options: 3D Coat supports a wide range of file formats for import and export, 

making it compatible with other 3D software and workflows. This flexibility is crucial for integrating 3D 

Coat into various production pipelines. 

7. User-friendly interface: Despite its powerful features, 3D Coat is known for its intuitive and user-

friendly interface, making it accessible to both beginners and experienced users. 

8. Community and support: 3D Coat has an active user community and extensive online resources, 

including tutorials, forums, and documentation, which provide valuable support and learning 

opportunities. 
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ZBrush is a premier CAD software renowned for its digital sculpting and painting capabilities. The key 

attributes of ZBrush are (Sarstedt, 2012; Pixologic, 2021): 

1. Advanced sculpting tools: ZBrush offers an extensive suite of sculpting tools, including dynamic 

subdivision, Dynamesh, ZRemesher, and Sculptris Pro. These tools allow for the creation and 

manipulation of highly detailed models with millions of polygons. 

2. Dynamic tessellation: ZBrush Dynamesh feature dynamically adjusts the topology of the model 

during the sculpting process, ensuring that the mesh remains optimized for detailed work without 

needing manual retopology. 

3. High-resolution detailing: ZBrush supports high levels of detail, enabling artists to create intricate 

textures and fine details such as pores and wrinkles. The software’s detailing capabilities are enhanced 

by features such as Alpha brushes and surface noise. 

4. Polypainting: ZBrush allows for direct painting on the surface of 3D models without the need for UV 

mapping, streamlining the texturing process and providing intuitive and efficient workflows for colour 

application. 

5. ZRemesher: ZBrush’s automatic retopology tool helps create clean, animation-ready meshes from 

sculpted models. ZRemesher intelligently reduces polygon count while preserving detail, making it 

ideal for preparing models for animation and game development. 

6. SubTools and layers: ZBrush enables the management of complex models through SubTools, which 

allows users to work on multiple elements of a model independently. Layers provide non-destructive 

editing, enabling artists to make changes without permanently altering the model. 

7. GoZ integration: ZBrush integrates seamlessly with other 3D software such as Maya, 3ds Max, and 

Cinema 4D through the GoZ feature, facilitating a smooth workflow across different platforms. 

8. Rendering and presentation: ZBrush includes a robust rendering engine, BPR (Best Preview 

Render), which supports real-time rendering with advanced lighting and material properties. This 

feature helps artists visualise their models with high fidelity. 
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9. Community and resources: ZBrush has a vibrant user community and extensive resources, 

including tutorials, forums, and documentation, providing valuable support, and learning opportunities 

for users at all skill levels. 

 

7.2.2 Construction of deformity simulation models 

To perform the real-world testing of the process chains, additional data was necessary to enable the 

tests. For the test process chains to function efficiently from the start of the chain to the product 

produced by the chain, it was essential to use representative models simulating ear and nose 

deformities. Thus, before testing the process chains, two simulation models were created from the 

existing data volumes of Subjects 1 and 2. First, external facial geometries, including the ears and 

nose, were segmented from the data volumes of Subjects 1 and 2 using Mimics (Table 7.1 A). In 

Geomagic Freeform, an ear deformity (ED) model was created from the model of Subject 1 (Table 7.1 

B), and a nose deformity (ND) model was created from the model of Subject 2 (Table 7.1 C).  

Table 7.1 Models used to produce the ear and nose deformity models and views of the 

  ear and nose deformities 

 

 
A.    Facial segmentation model of Subject 1  Facial segmentation model of Subject 2 

  
 
B. Views of ear deformity model 
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C. Views of nose deformity model 

    
 

These ED and ND models served as foundational 3D models for fitting ear or nose digital prostheses. 

The process began by importing the ED and ND models into the CAD software applications, Geomagic 

Freeform, 3D Coat, and ZBrush. Thereafter, the segmented ears and noses, obtained during the 

evaluation of alternative MIP software (3D Slicer and InVesalius), were used to digitally "repair" the 

deformities in the models. After fitting an ear or nose prosthesis onto the ED and ND models, the 

“prosthesis” was subtracted (using Boolean operations) from the base model. The subtracted ears 

and noses were then further refined in the CAD software by creating thin edges and adding skin texture 

to enhance human likeness. For 3D printing, moulds (negative forms) were created in the CAD 

software, and these moulds were subsequently 3D printed. The final prostheses (positive forms) were 

then produced from these moulds. To demonstrate the end products of the process chains, a mould 

was designed in 3D Coat of the nose created in the process chain that combined 3D Slicer and 3D 

Coat. The model of the mould was then exported in STL file format and imported into the Elegoo Mars 

5 Ultra 3D printer and printed in liquid resin. Finally, a silicone nose model of the mould was hand cast.  

7.2.3 Acquisition of digital data for process chain testing 

The surface scan data were acquired using the Artec Spider, which was available in the Centre for 

Rapid Prototyping and Manufacturing (CRPM), where this study was conducted. The Artec Spider is 

a surface scanner that is ideal for capturing high-resolution 3D geometries of complex surfaces such 

as a person's ear or nose (Unkovskiy et al., 2022). This 3D scanner uses blue light technology to scan 

surfaces and does not expose a patient to radiation (https://www.artec3d.com/portable-3d-

scanners/artec). The lightweight and portable scanner can render complex geometries, sharp edges, 
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and thin ribs. For this project, this instrument was chosen because of its plugin and point-and-scan 

capability, which might be an ideal alternative to CT volumetric data (Figure 7.3).  

 

Figure 7.3 Artec Spider handheld surface scanner  

To generate a geometry using the Artec Spider requires a step-by-step process. By following these 

steps, a 3D geometry was produced, which was then imported into CAD software for the design of a 

prosthesis. The following steps outline the process that was followed to generate the ear and nose 

geometries, which were imported into the CAD software applications, 3D Coat and ZBrush (Artec 3D, 

n.d.; Reichard, 2020):  

1. Preparation: 

• The necessary Artec Spider software (Artec Studio) was installed and configured on a 

computer.  

• To perform a scan, a scanning environment with good lighting and a stable surface for the 

subject (person) to remain still was prepared. 
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2. Scanning: 

• The Artec Spider was then calibrated according to the manufacturer's instructions to ensure 

accurate data capture. 

• The subject was positioned comfortably, after which the target areas (ear or nose) were 

scanned. To scan effectively, the scanner was steadily moved around the area to capture all 

angles and details. 

3. Data processing: 

• After scanning, the raw data were imported into the Artec Studio software. 

• The Artec Studio's tools were then used to clean up the scan and remove any unnecessary 

noise or artefacts. 

• The multiple scans were then aligned and merged to create a comprehensive 3D model. 

• The geometry was refined using the mesh optimisation tools to ensure it was smooth and 

accurate. 

4. Exporting the geometry: 

• After finalising the 3D model, it was exported in STL file format. 

5. Import into CAD software: 

• After opening the CAD software, the 3D model was imported. 

• At this stage, the prosthesis was fitted to the imported ED or ND model as the base. 

 

7.2.4 Analysis of process chains 

Several analyses were performed on the 3D models generated by the different process chains. During 

the creation of a model in a process chain, errors may be introduced. Therefore, errors were detected 

with the Meshmixer’s Inspector tool. The methods used with Meshmixer are consistent with those 

mentioned in Chapter 5. The organic and complex nature of anatomical models required multiple 

comparisons between the control models and those from the potential alternative process chains. 

These comparisons were essential to reach a more comprehensive and accurate conclusion about 

the performance and accuracy of the different test process chains. By performing several analyses of 
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the products of the test process chains, a better understanding of the deviations and variations across 

models could be achieved, ensuring that all aspects of geometric fidelity were considered. 

 

The models created by the test process chains were compared to those from the control process chain 

using Materialise Magics, CloudCompare, and Geomagic Control X. Although CloudCompare and 

Geomagic Control X perform similar statistical analyses, they were both included in the study because 

of their differing analytical algorithms. The parameter control of CloudCompare is more open-ended 

and may result in variable outputs based on user settings, whereas parameter control in Geomagic 

Control X is more consistent because of standardised algorithms (CloudCompare User Manual 

Version 2.6.1, n.d.). Geomagic Control X often integrates enhanced noise reduction and surface 

smoothing, which may not be as prominent in CloudCompare’s default algorithms. CloudCompare and 

Geomagic Control X measurements were performed at both distances set at 0.5 and 0.1. The 

maximum distance parameter defines the farthest distance between points in one cloud and those in 

another to be considered in the distance calculation. A total of six test ear and six test nose 

comparisons were performed against the control models. The methods used with CloudCompare are 

consistent with those detailed in Chapter 5. However, the following steps were followed in Magics to 

ensure accurate and meaningful results during these comparisons: 

1. Import models: 

• After launching Magics, the 3D meshes of both the test and control models were imported into 

 Materialise Magics. 

2.  Align models: 

• The alignment tools in Magics were used to position the models correctly relative to each other  

 by the Align or Register feature found under the Alignment or Transform menu. 

3.  Select comparison tool and comparison parameters: 

• In the Analysis tab, the Compare tool was chosen.  

• Configure the parameters: 

▪ Reference Model: Select one of the models to act as the reference. 

▪ Comparison Model: Select the second model to compare against the reference. 
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▪ Comparison Type: Choose the type of comparison, such as geometric deviation, 

distance, or fit analysis. 

4.  Run the comparison: 

5. Review the heat map displayed by Magics: 

6. Analyse statistics: 

• The statistics summary includes:   

▪ Maximum deviation: The largest deviation between the two models. 

▪ Minimum deviation: The smallest deviation between the two models. 

▪ Mean deviation: The average deviation across the surface. 

▪ Standard deviation: Measures the variability of deviations from the mean. 

▪ Deviation histogram: A graphical representation showing the distribution of 

deviations. 

7. Export results: 

 

Geomagic Control X, a proprietary application, was also used to compare the models. The following 

steps were followed in Geomagic Control X (Geomagic Control X, n.d.):   

1. Align geometries: 

• After importing the reference geometry (control model) and the test geometry (test model), they were 

aligned in the software's workspace. 

• An initial rough alignment was performed using basic matching methods such as "Best Fit" or "3-Point 

Alignment." 

• After the initial alignment, a follow-up alignment was performed using a finer alignment method such 

as "Global Registration" or "Local Alignment" to ensure that both geometries are accurately aligned 

for comparison. 

2. Apply comparison tools: 

• 3D Compare > Surface Comparison: The surfaces of both geometries were compared with Surface 

Comparison. The software then generates a colour map indicating deviations between the test model 

and the reference model. 

3. Set comparison parameters: 

• The maximum distance threshold for comparison was set at both 0.1 and 0.5 mm to define the 

acceptable range of deviations between the two geometries. 

• The best-fit settings were adjusted to allow the software to optimise the comparison based on global 

or local alignment, depending on the precision you need. 

4. Review colour map: 

• The colour map indicated visually areas of difference between the two models: 
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o Green: Areas where the test model closely matches the reference model. 

o Blue: Areas where the test model is smaller or has negative deviations compared to the 

reference. 

o Red: Areas where the test model is larger or has positive deviations. 

5. Statistics generated and what they mean: 

1. Deviation map: 

o This is the main output of the surface comparison, visually representing the deviations in the 

colour map. 

o Positive deviation (Red): Indicates areas where the test geometry is larger than the reference 

geometry. 

o Negative deviation (Blue): Indicates areas where the test geometry is smaller than the 

reference geometry. 

o Zero deviation (Green): Indicates areas where the two geometries match perfectly within the 

defined tolerance range. 

2. Maximum distance: 

o Displays the largest measured deviation between the two models. This is useful for identifying 

areas with significant shape or volume differences. 

3. Average deviation: 

o This provides the mean deviation across the entire surface comparison, giving an overall 

measure of how closely the test geometry aligns with the reference. 

4. Root Mean Square (RMS) deviation: 

o RMS deviation is a more statistically rigorous measure of the overall deviation between two 

geometries. It squares the individual deviations, averages them, and then takes the square 

root. This method is useful for minimising the impact of small deviations while emphasising 

larger errors. 

5. Standard deviation: 

o Indicates how spread out the deviations are from the average. A low standard deviation 

suggests that most points are very close to the average deviation, indicating good alignment 

across the geometry. 

6. Tolerance range: 

o Displays the percentage of points that fall within the predefined tolerance range (e.g., ±0.1 

mm). Higher percentages indicate better overall conformity between the test and reference 

models. 

7. Histogram: 

o A graphical representation of the deviation data, showing the distribution of points based on 

their deviation values. The histogram helps in identifying how the deviations are spread 

across the model. 
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6. Generate report: 

• Detailed reports were then generated with Geomagic Control X that includes statistical data, deviation 

maps, and annotated views of the comparison results. This report can be saved in various formats 

(PDF, HTML, etc.).  

 

Pinpoint anatomical comparison 

To perform a more precise comparison (pinpoint comparison) between the models produced by 

the control process chains and the models produced with the potential alternative chains, focused 

site deviation analyses were conducted using Geomagic Control X. These analyses were 

performed at specific sites on the models to facilitate a more thorough comparison across the 

different models. To perform these analyses of geometric accuracy, six distinct anatomical points 

on the ear models were chosen based on Purkait (2016), and six on the nose models based on 

Trieu and Thinh (2023) (Figure 7.4). 

                  

A.                                                                   B. 

Figure 7.4 Anatomic regions where pinpoint deviations were measured. A. Ear B. 

  Nose  
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Comparative performance analysis of process chains 

In the final process chain performance analysis, a more focused comparison of the test process chains 

was conducted to better assess their performance relative to the control chain. Statistical analyses of 

the test process chain outcomes (ear and nose models) were used to rank the performance of the 

chains, with a ranking of "1" representing the best alignment with the control process chain model. 

The statistical analyses employed for these comparisons included Magics histograms, CloudCompare 

histograms, Geomagic Control X histograms, and the pinpoint deviations in specific anatomical 

regions. To facilitate comparison across the different sets of ratings, the values were standardised 

using the following formula: 

Standardised Rating (SR):  SR = (
𝑥𝑖

∑ 𝑥𝑖
𝑛
𝑖

)        (1) 

Where: 

x = rating value of a statistical analysis performance of the ith process chain 

n = total number of process chains 

i = ith process chain 

After standardising the ratings, they were used to calculate an Unweighted Standardised Rating Index 

(USRI). The USRI values were calculated using the following formula: 

USRI = (
∑ 𝑆𝑅𝑚

𝑗

𝑚
)          (2) 

Where: 

SR = standardised rating value of a process chain of the jth statistical analysis performance 

m = total number of statistical analysis performances 

jth = statistical analysis performance 

The USRI values were finally used to rank the performance of the various test process chains in 

comparison to the control process chain. Lower USRI values indicated a stronger alignment of the 
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models produced by the alternative process chains with the control model and, thus, a higher ranking 

in terms of performance relative to the control chain. 

Comparative cost analysis of process chains 

After completing the Meshmixer, Magics, CloudCompare, and Geomagic Control X analyses, and 

comparative analyses, all the process chains were compared in terms of cost. Estimates were 

obtained for the relevant components of the process chains. These estimates were then used to rank 

the process chains in terms of cost.  

7.2.5 Creation of an ear/nose geometry resource 

The CRPM is a leading facility in South Africa specialising in the production of both internal and 

external facial prostheses. Given the CRPM's significant role in advancing prosthetic technology, this 

project has been developed with its support, underscoring the centre’s commitment to innovation. As 

part of the study, a repository of geometric models of ears and noses was established. This repository 

will serve as a valuable resource, providing pre-designed geometries that can be used in future 

prosthetic applications, ensuring rapid and accurate responses to patient needs. The ears and noses 

of willing participants were scanned with the Artec Spider after signing a letter of consent (Copy 

provided in Appendix C). These participants were mostly from the CRPM and the Faculty of 

Engineering, Built Environment and Information Technology, Central University of Technology, Free 

State, where the CRPM resides. The number of people scanned will increase in the future to expand 

the resource. 

7.2.6 Illustration of the use of the resource 

To illustrate the application of the resource, an ear and nose were selected from the ear/nose data 

repository and used to "digitally repair" the ED and ND models. The surface-scanned meshes were 

first exported as STL files using Artec Spider's Artec Studio software, and then imported into 
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Meshmixer for further processing. In Meshmixer, the Plane Cut function was employed to precisely 

slice the 3D model along a customisable plane (Autodesk Inc., n.d., 2021). The following steps detail 

the process of slicing the ear and nose from the edited mesh model. 

1 Cutting:  

 The Plane Cut tool was used to position a virtual plane across the mesh at any angle or position. 

 Then, by adjusting the plane, the slice area was selected. This was achieved using the following 

 option:  

• Keep Both Parts: This option retains both the top and bottom portions of the mesh after the  

cut, effectively splitting the model into two separate parts. 

• Discard One Part: Users can choose to remove either the upper or lower part of the mesh, 

 depending on the direction of the cut. This is useful for trimming or refining a model. 

2. Customising the plane: 

The plane used for cutting was adjusted by applying the following actions as needed:  

• Translation: The plane was moved along the X, Y, or Z axis to define the exact location of  

the cut. 

• Rotation: The plane was rotated to slice the model at specific angles, allowing for precision  

in making angled cuts. 

• Interactive handles: The easy-to-use handles were used to manipulate the position and angle  

of the cutting plane in real-time. 

3. Smooth and fill options:  

After cutting, the open surface that resulted from the cut was automatically filled. This ensured that the 

mesh remains closed, which is important for other applications.  

4. Finally, the ear or nose mesh 3D model was exported in STL file format. 

5. After importing the EN model into 3D Coat, the ear or nose mesh model was also imported.  

6. The ear or nose mesh was then used to “repair” the deformity of the EN or ND model, as detailed in 

section 7.2.2.  

 

7.3 Results 

7.3.1 Process chain output models 

In the final stage of the study, the potential alternative process chains were evaluated by producing 

3D models that represent real-world structures of external facial features. Six ear and six nose models 

were generated using the test process chains, each combining MIP software (3D Slicer and 
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InVesalius) and CAD software (3D Coat and ZBrush), and combining Artec scans and CAD software 

(3D Coat and ZBrush). These models were then visually inspected and compared to those produced 

by the control chain.  

The six ear models generated through the test process chains were visually compared to the control 

chain's ear model. Visually, the test 3D ear models closely resembled the control ear model produced 

using the control process chain. Table 7.2 provides side, frontal, and back views of the ear models 

created through the test process chains and the control chain. 

Table 7.2 Views (side, front, and back) of the ear models produced with the control  

  process chain and the potential alternative chain 

Process chain ear model 

 
Mimics + Geomagic Freeform (Control) 

 

.      

 

 
3D Slicer + 3D Coat 

 
3D Slicer + 3D ZBrush 

               
 

InVesalius + 3D Coat 
 

InVesalius + ZBrush 

.              
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Artec + 3D Coat 

 
Artec + ZBrush 

                

 

A visual comparison was also made between the six nose models produced by the potential alternative 

process chains and the nose model of the control chain. The 3D models generated by the control 

chain and the test models matched closely. Table 7.3 provides frontal and bottom views of the nose 

models created through the various process chains. 

Table 7.3 Views (front and bottom) of the nose models produced with the control  

  process chain and the  potential alternative chain  

Process chain nose model 

 
Mimics + Geomagic Freeform (Control) 

 

.    

 

 
3D Slicer + 3D Coat 

 
3D Slicer + 3D ZBrush 
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InVesalius + 3D Coat 

 
InVesalius + ZBrush 

.       

 
Artec + 3D Coat 

 
Artec + ZBrush 

      
 

7.3.2 Analysis of process chain ear models 

Error detection in models using Meshmixer 

The error density of the ear 3D models was measured using the Inspector tool in Meshmixer to 

determine to what extent errors were introduced into the models produced with the different process 

chains. An analysis of the starbursts of the different ear models, along with the error statistics 

generated by Meshmixer, revealed that only a minimal number of errors were introduced into the 

models (Table 7.4). Interestingly, the two models produced with the process chain that started with 

3D Slicer had the least number of errors, whereas the models produced with the two chains starting 

with InVesalius had the most errors. 
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Table 7.4 Meshmixer Inspector error analysis of process chain ear models  

Process chain 

Mimics + Geomagic Freeform  
(Control) 

 
Errors = 6 

 
3D Slicer + 3D Coat 

 
Errors = 1 

 
3D Slicer + ZBrush 

 
Errors = 2 

  
InVesalius + 3D Coat 

 
Errors = 11 

 
InVesalius + ZBrush 

 
Errors = 12 

 
 
 

 
Artec + 3D Coat 

 
Errors = 7 

 
Artec + ZBrush 

 
Errors = 12 
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Model heat map and statistical comparisons using Magics 

In the comparison of ear models produced by the potential alternative process chains to the control 

chain in Magics, the heat maps and histograms revealed noticeable differences. The test ear model 

produced with 3D Slicer combined with ZBrush was the only model where most of the deviation values 

were concentrated around zero on the histogram, indicating a close match to the control model (Table 

7.5). This was further supported by the heat map, showing mostly green areas, indicating minimal 

deviations between the test model and the control model. In contrast, the ear model produced using 

InVesalius combined with ZBrush showed a significant number of positive deviation values, 

represented by warm red and yellow tones on the heat map. This suggested that the test model had 

excess material compared to the control model. The other models showed deviations largely within 

the blue-green range of the heat map and histogram, with most values centred around zero or small 

negative deviations. This implied that these test ear models were slightly smaller than the control 

model, as indicated by the cooler colours. 

Table 7.5 Statistics, heat maps, and histograms showing comparisons between ear  

  models from test process chains with the model from the control process  

  chain using Magics 

Process 
chain 

Statistics, heat map, and histogram 

Min Max Range Heat map Histogram Remark 

3D Slicer  
+ 3D Coat 

-3.233 
 

6.628 9.861 

 

 

Green = Control 

© Central University of Technology, Free State



C h a p t e r  7 :  A l t e r n a t i v e  P r o c e s s  C h a i n s   P a g e  | 137 

 

3D Slicer  
+ ZBrush 

-5.715 
 

6.604 12.319 

 

 

Bright green = 
Control 

InVesalius  
+ 3D Coat 

-1.909 

 

6.341 8.25 

 

 

Grey = Control 

InVesalius  
+ ZBrush 

-3.273 

 

1.288 4.561 

 

 

Yellow green = 
Control 

Artec + 
3D Coat 

-4.852 
 

8.981 13.833 

 

 

Brighter green = 
Control 

Artec + 
ZBrush 

-4.979 
 

7.567 12.546 

 

 

Green = Control 

Min = Minimum distance; Max = maximum distance  
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Model heat map comparisons using CloudCompare 

The heat maps generated by CloudCompare, comparing the test ear models to the control chain 

model, revealed noticeable differences between the models. However, these variations were generally 

consistent across all models, with similar patterns emerging between the test ear models and the 

control (Table 7.6). For all models, mid-range differences (yellow) were less pronounced when using 

a maximum distance of 0.1 compared to 0.5. Furthermore, the 0.1 maximum distance displayed visibly 

more large-range differences (red) than the 0.5 distance. 

Table 7.6 Heat maps showing visual comparisons between ear models from test process 

chains with the model from the control process chain using CloudCompare 

Heat map  

Maximum distance = 0.5 Maximum distance = 0.1 

 
3D Slicer + 3D Coat with control 

 

      
 
3D Slicer + ZBrush with control  

       
 
InVesalius + 3D Coat with control  
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InVesalius + ZBrush with control 

        
 
Artec + 3D Coat with control  

 

        
 
Artec + ZBrush with control 

 

        

 

Model heat map comparisons using Geomagic Control X 

Heat maps were also generated using Geomagic Control X to provide a visual comparison between 

the test ear models and the control ear model. The heat maps, using a maximum deviation threshold 

of 0.5, displayed a gradient of deviations ranging from cool blue (indicating smaller deviations) to warm 

red (indicating larger deviations) (Table 7.7). Notably, the ear models created with process chains 

incorporating Artec Spider scan data exhibited significant deviations at both extremes of the range, 

with distinct areas marked in blue and red. When a smaller maximum deviation of 0.1 was applied, all 

test models showed more consistent mid-range deviations, indicating that at this tighter tolerance, the 

models aligned more closely with the control model. 
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Table 7.7 Heat maps showing visual comparisons between ear models from test process 

chains with the model from the control process chain using Geomagic Control 

X 

Heat map  

Maximum distance = 0.5 Maximum distance = 0.1 

 
3D Slicer + 3D Coat with control 

 

        
 
3D Slicer + ZBrush with control  

          
 
InVesalius + 3D Coat with control  

 

            
 
InVesalius + ZBrush with control 
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Artec + 3D Coat with control  

            
 
Artec + ZBrush with control 

 

          
 

Model statistical comparison using CloudCompare 

Distance statistics were calculated using CloudCompare to evaluate how closely the ear models from 

potential alternative process chains aligned with the control chain model. With the maximum distance 

set to 0.1, the statistics revealed that the points were, on average, very close, indicating that the test 

ear models closely resembled the control model within this range (Table 7.8). However, when the 

maximum distance was increased to 0.5, the statistics showed that the points remained relatively close 

only for comparisons that did not involve the Artec Spider scanner. For these process chains, the 

measurements at the 0.5 setting indicated that the alignments were less accurate. 
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Table 7.8 CloudCompare statistics of comparisons between ear models from test process chains with the model from the    

  control process chain  

Process 
chain 

CloudCompare distance comparison statistics 

Maximum distance = 0.5 Maximum distance = 0.1 

Mean distance RMS distance Gauss Chi2 
distance 

Mean distance RMS distance Gauss Chi2 
distance 

Remark 

3D Slicer + 
3D Coat 

0.157 (SD = 0.303) 
 
Value is less than 
0.2 mm, which 
indicates that on 
average, the points 
are close. 

0.341 
 

Value suggests that 
the points are not 
well-aligned with 
some large 
deviations. 

961323 0.082 (SD = 0.045) 
 
Value is close to zero 
mm, which indicates 
that on average, the 
points are very close. 

0.093 
 

Value suggests 
that the points are 
very well aligned 
with very little 
deviations. 

4.106 × 106 Mimics and Geomagic 
Freeform mesh was slightly 
larger on the X-axis and Z- axis, 
and very similar in size on the 
Y- axis. 

3D Slicer + 
ZBrush 

0.104 (SD = 0.290) 
 

Value is less than 
0.2 mm, which 
indicates that on 
average, the points 
are close. 

0.308 
 

Value suggests that 
the points are not 
well-aligned with 
some large 
deviations. 

1.515 × 106 0.078 (SD = 0.049)  
 

Value is close to zero 
mm, which indicates 
that on average, the 
points are very close. 

0.092 
 

Value suggests 
that the points are 
very well aligned 
with very little 
deviations. 

1 × 107 Mimics and Geomagic 
Freeform mesh was slightly 
larger on the X-axis, Z- axis, 
and on the Y- axis. 

InVesalius + 
3D Coat 

0.049 (SD = 0.256) 
 

Value is less than 
0.2 mm, which 
indicates that on 
average, the points 
are close. 

0.260 
 

Value suggests that 
most of the points 
are well-aligned 
with some 
deviations. 

303508 0.070 (SD = 0.055) 
 

Value is close to zero 
mm, which indicates 
that on average, the 
points are very close. 

0.089 
 

Value suggests 
that the points are 
very well aligned 
with very little 
deviations. 

2.838 × 106 Mimics and Geomagic 
Freeform mesh was slightly 
larger on the X-axis and Z- axis, 
and also larger in size on the Y- 
axis. 
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InVesalius + 
ZBrush 

0.156 (SD = 0.305) 
 

Value is less than 
0.2 mm, which 
indicates that on 
average, the points 
are close. 

0.342 
 

Value suggests that 
the points are not 
well-aligned with 
some large 
deviations. 

1 × 107 0.079 (SD = 0.049) 
 

Value is close to zero 
mm, which indicates 
that on average, the 
points are very close. 

0.093 
 

Value suggests 
that the points are 
very well aligned 
with very little 
deviations. 

1 × 107 Mimics and Geomagic 
Freeform mesh was slightly 
smaller on the X-axis, and also 
smaller on the Z- axis and on 
the Y- axis. 

Artec + 
3D Coat 

0.337 (SD = 0.280) 
 

Value is greater than 
0.2 mm, which 
indicates that on 
average, the points 
are not close. 

0.438 
 

Value suggests that 
the points are not 
well-aligned with 
some large 
deviations. 

1 × 107 0.093 (SD = 0.030) 
 

Value is close to zero 
mm, which indicates 
that on average, the 
points are very close. 

0.098 
 

Value suggests 
that the points are 
very well aligned 
with very little 
deviations. 

1 × 107 Mimics and Geomagic 
Freeform mesh was slightly 
larger on the X-axis and Z-axis, 
and also larger in size on the Y-
axis. 

Artec + 
ZBrush 

0.314 (SD = 0.282) 
 

Value is greater than 
0.2 mm, which 
indicates that on 
average, the points 
are not close. 

0.422 
 

Value suggests that 
the points are not 
well-aligned with 
some large 
deviations. 

3.758 × 106 0.092 (SD = 0.032) 
 

Value is close to zero 
mm, which indicates 
that on average, the 
points are very close. 

0.097 
 

Value suggests 
that the points are 
very well aligned 
with very little 
deviations. 

4.549 × 106 Mimics and Geomagic 
Freeform mesh was slightly 
larger on the X-axis and Z-axis, 
and also larger in size on the Y-
axis. 

SD = Standard deviation 
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Model statistical comparison using Geomagic Control X 

Distance statistics were also calculated using Geomagic Control X to evaluate how closely the ear 

models from the potential alternative process chains resembled the control model. When the maximum 

distances were set at 0.1 and 0.5, the results showed that most points were relatively close. However, 

upon inspecting the RMS values, which is a more statistically robust measure of overall deviation 

between two geometries, the comparison revealed that the RMS values for models from process 

chains involving Artec Spider scan data were significantly larger than those models from chains 

combining MIP with CAD software. This indicated that the deviations in the ear models generated from 

the Artec Spider process chains were notably larger compared to the other chains, highlighting the 

higher accuracy of the chains comprising of MIP and CAD software. Table 7.9 shows comparative 

statistics of the ear model produced by the control process chain and the ear models produced by the 

test process chains. 
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Table 7.9 Geomagic Control X statistics of comparisons between ear models from test process chains with the model from the control process 

chain  

Process chain 

Geomagic Control X distance comparison statistics 

Maximum distance = 0.5 Maximum distance = 0.1 

Mean 
distance 

RMS 
distance 

Min Max Mean 
distance 

RMS 
distance 

Min Max Remark 

3D Slicer + 3D Coat 0.083 
(SD = 0.115) 

 

0.142 -0.144 0.267 0.015 
(SD = 0.046) 

0.048 -0.1 0.1 Mimics and Geomagic Freeform mesh was 
slightly larger on the X-axis and Z- axis, and very 
similar in size on the Y- axis. 

3D Slicer + ZBrush 0.0003 
(SD = 0.144) 

0.144 -0.5 0.499 -0.002 
(SD = 0.053) 

0.053 -0.1 0.1 Mimics and Geomagic Freeform mesh was 
slightly larger on the X-axis, Z- axis, and on the 
Y- axis. 

InVesalius + 3D Coat -0.009 
(SD = 0.166) 

0.166 -0.499 0.499 -0.009 
(SD = 0.053) 

0.054 -0.1 0.1 Mimics and Geomagic Freeform mesh was 
slightly larger on the X-axis and Z- axis, and also 
larger in size on the Y- axis. 

InVesalius + ZBrush 0.012 
(SD = 0.158) 

0.159 -0.499 0.500 -0.016 
(SD = 0.052) 

0.055 -0.1 0.1 Mimics and Geomagic Freeform mesh was 
slightly smaller on the X-axis, and also smaller 
on the Z- axis and on the Y- axis. 

Artec + 3D Coat 0.009 
(SD = 0.204) 

0.204 -0.499 0.500 -0.039 
(SD = 0.044) 

0.059 -0.1 0.1 Mimics and Geomagic Freeform mesh was 
slightly larger on the X-axis and Z-axis, and also 
larger in size on the Y-axis. 

Artec + ZBrush 0.059 
(SD = 0.278) 

0.284 -0.500 0.499 -0.001 
 

0.057 -0.1 0.1 Mimics and Geomagic Freeform mesh was 
slightly larger on the X-axis and Z-axis, and also 
larger in size on the Y-axis. 

SD = Standard deviation; Min = Minimum distance; Max = maximum distance 
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Pinpoint anatomical region deviations using Geomagic Control X 

The deviations between the control ear model and the test ear models were measured at six specific 

anatomical points to provide comparative data. The calculation of the absolute mean deviations 

demonstrated that process chains that combined MIP with CAD software produced more accurate ear 

models than those produced using process chains reliant on Artec Spider surface scan data. This 

result suggested that the integration of MIP and CAD software was more effective in producing 

anatomically accurate models compared to the models based on surface scan data. Table 7.10 

presents the deviations measured at the six pinpoint anatomical regions of the ear model comparisons.  

Table 7.10 Deviation and absolute mean comparison of ear pinpoint anatomical  regions   

Process chain 

Deviation of pinpoint anatomical region 

Superaurale Subaurale Protragion 
Antitragus 
superior 

Postaurale 
Lobule 

posterion 

Absolute 
mean 

deviation 

3D Slicer + 3D Coat 0.095 0.022 0.233 0.106 -0.111 0.013 0.097 

3D Slicer + ZBrush -0.096 -0.041 0.191 -0.005 -0.130 0.017 0.080 

InVesalius + 3D Coat 0.062 -0.034 0.078 0.052 -0.211 -0.052 0.082 

InVesalius + ZBrush -0.034 -0.044 0.022 -0.041 -0.039 -0.027 0.035 

Artec + 3D Coat -0.454 -0.143 -0.395 -0.359 -0.349 0.455 0.359 

Artec + ZBrush 0.358 -0.470 0.267 -0.109 0.453 0.483 0.357 

 

7.3.3 Analysis of process chain nose models 

Error detection in models using Meshmixer 

Similarly to the starburst analysis of the various ear models, the error density analysis with 

Meshmixer’s Inspector tool revealed that only a minimal number of errors were introduced into the 

nose models. Interestingly, the control process chain introduced the most errors among all the process 
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chains (Table 7.11). Additionally, three of the test process chains did not introduce any errors into the 

models.  

Table 7.11 Meshmixer Inspector error analysis of process chain nose models  

Process chain 

Mimics + Geomagic Freeform  
(Control) 

 
Errors = 45 

 
3D Slicer + 3D Coat 

 
Errors = 19 

 
3D Slicer + ZBrush 

 
Errors = 0 

  
InVesalius + 3D Coat 

 
Errors = 7 

 
InVesalius + ZBrush 

 
Errors = 0 

  
Artec + 3D Coat 

 
Errors = 0 

 
Artec + ZBrush 

 
Errors = 15 
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Model heat map and statistical comparisons using Magics 

The nose models produced by the potential alternative process chains were also compared to the 

control model in Magics. This comparison revealed interesting differences. The nose model analyses 

showed deviation values consistently exhibited as two distinct peaks (Table 7.12). Both deviation 

peaks fell within the green range of the histogram in the model produced using InVesalius combined 

with 3D Coat, indicating that the model closely resembled the control model with minimal deviations. 

A large deviation peak occurred in the green range, and a smaller one in the blue range in the models 

produced using 3D Slicer combined with 3D Coat, and 3D Slicer combined with ZBrush. These peaks 

suggest that these test models were largely similar to the control model, although certain areas of the 

model were slightly smaller than the control, as indicated by the blue deviation values. In contrast, the 

models produced using InVesalius combined with ZBrush, and Artec combined with 3D Coat, showed 

deviation peaks in the green-red zone, with a larger peak in the red range and a smaller peak in the 

green. These deviations imply that these two test models were substantially larger than the control 

model, with the red deviations indicating areas of excess material. 

Table 7.12 Statistics, heat maps, and histograms showing comparisons between nose  

  models from test process chains with the model from the control process  

  chain using Magics 

Process 
chain 

Statistics, heat map, and histogram 

Min Max Range Heat map Histogram Remark 

3D Slicer  
+ 3D Coat 

-3.237 
 

3.245 6.482 

 

 

Green = Control 

3D Slicer  
+ ZBrush 

-3.075 
 

2.703 5.778 

 

 

Shiny green = 
Control 
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InVesalius  
+ 3D Coat 

-9.226 
 

6.617 15.843 

 

 

Bright green = 
Control 

InVesalius  
+ ZBrush 

-9.197 1.568 10.765 

 

 

Red = Control 

Artec + 
3D Coat 

-9.422 
 

1.577 10.999 

 

 

Orange = Control 

Artec + 
ZBrush 

-9.886 
 

4.846 14.732 

 

 

Green = Control 

Min = Minimum distance; Max = maximum distance 

Model heat map comparisons using CloudCompare 

The CloudCompare heat maps comparing the nose models produced by the potential alternative 

process chains with the control chain revealed noticeable visual differences. The deviations were 

substantial for both maximum settings of 0.1 and 0.5, with many of the deviations lying in the red zone. 

The process chains using InVesalius combined with either 3D Coat or ZBrush, showed the most 

discrepancies, with large areas highlighted in the red spectrum, indicating substantial differences 

(Table 7.13). In contrast, the other models displayed extensive regions with relatively minor 

discrepancies, highlighted in green, alongside areas with significant discrepancies, highlighted in dark 

red. 
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Table 7.13 Heat maps showing visual comparisons between nose models from test 

process chains with the model from the control process chain using 

CloudCompare 

Heat maps 

Maximum distance = 0.5 Maximum distance = 0.1 

 
3D Slicer + 3D Coat with control 

 

      
 
3D Slicer + ZBrush with control  

       
 
InVesalius + 3D Coat with control  

 

      
 
InVesalius + ZBrush with control 

 

      
 
Artec + 3D Coat with control  
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Artec + ZBrush with control 

 

      

 

Model heat map comparisons using Geomagic Control X 

The Geomagic Control X heat maps of the comparison between the alternative process chain nose 

models and the control model, showed a relatively wide range of deviations. All alternative process 

chain nose models, except for the one produced with 3D Slicer in combination with 3D Coat, exhibited 

deviations from the control model that ranged from the mid-range (indicating relatively minor 

differences) to the extreme red zone with a maximum distance set at 0.5 (Table 7.14). These 

deviations signified large, significant deviations between the alternative model and the control. When 

the maximum distance setting was adjusted to 0.1, all alternative nose models demonstrated 

deviations predominantly within the green spectrum from the control, indicating a closer alignment 

between the models, but still showing variations across the test models. 
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Table 7.14 Heat maps showing visual comparisons between nose models from test 

process chains with the model from the control process chain using Geomagic 

Control X 

Heat map 

Maximum distance = 0.5 Maximum distance = 0.1 

 
3D Slicer + 3D Coat with control 

 

          
 
3D Slicer + ZBrush with control  

           
 
InVesalius + 3D Coat with control  

 

          
 
InVesalius + ZBrush with control 
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Artec + 3D Coat with control  

          
 
Artec + ZBrush with control 

 

         

 

Model statistical comparison using CloudCompare 

The distances statistics were also calculated to show how well the alternative process chain nose 

models aligned with the control nose model. When the maximum distance was set to 0.1, the statistics 

indicated that, on average, the points were very close, demonstrating that the test nose models closely 

resembled the control model in this range (Table 7.15). However, when the maximum distance was 

increased to 0.5, the alignment in all comparisons showed substantial deviations, as shown by the 

relatively high RMS values. In particular, the deviations were not close for the process chains that 

involved InVesalius, as well as the chain were Artec Spider nose scan data were combined with 3D 

Coat. 
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Table 7.15 CloudCompare statistics of comparisons between nose models from test process chains with the model from the    

  control process chain  

Process chain 

CloudCompare distance comparison statistics 

Maximum distance = 0.5 Maximum distance = 0.1 

Mean distance RMS distance Gauss Chi2 
distance 

Mean distance RMS distance Gauss Chi2 
distance 

Remark 

3D Slicer + 3D Coat 0.292 (SD = 0.297) 
 
Value is slightly 
greater than 0.2 mm, 
which indicates that 
on average, the 
points are relatively 
close. 

0.417 
  
Value suggests that 
the points are not 
well-aligned with 
some large 
deviations. 

1 × 107 0.092 (SD = 0.032) 
 

Value is close to zero 
mm, which indicates 
that on average, the 
points are very close. 

0.097 
 

Value suggests 
that the points are 
very well aligned 
with very little 
deviations. 

1 × 107 Mimics and Geomagic 
Freeform mesh was similar in 
size on the X-axis, and slightly 
smaller on the Y-axis and on 
the Z-axis. 

3D Slicer + ZBrush 0.199 (SD = 0.330) 
 

Value is slightly less 
than 0.2 mm, which 
indicates that on 
average, the points 
are close. 

0.385 
 

Value suggests that 
the points are not 
well-aligned with 
some large 
deviations. 

9.571 × 106 0.086 (SD = 0.041) 
 

Value is close to zero 
mm, which indicates 
that on average, the 
points are very close. 

0.095  
 

Value suggests 
that the points are 
very well aligned 
with very little 
deviations. 

1 × 107 Mimics and Geomagic 
Freeform mesh was marginally 
smaller on the X-axis and 
significantly smaller on the Y-
axis, and noticeably larger on 
the Z-axis. 

InVesalius + 3D Coat 0.467 (SD = 0.142) 
 

Value is greater than 
0.2 mm, which 
indicates that on 
average, the points 
are not close. 

0.488 
 

Value suggests that 
the points are not 
well-aligned with 
some large 
deviations. 

1 × 107 0.099 (SD = 0.013) 
 

Value is close to zero 
mm, which indicates 
that on average, the 
points are very close. 

0.099 
 

Value suggests 
that the points are 
very well aligned 
with very little 
deviations. 

1 × 107 Mimics and Geomagic 
Freeform mesh was similar in 
size on the X-axis, and slightly 
smaller on the Y-axis, and 
significantly smaller on the Z-
axis. 
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InVesalius + ZBrush 0.436 (SD = 0.185) 
 

Value is greater than 
0.2 mm, which 
indicates that on 
average, the points 
are not close. 

0.474 
 

Value suggests that 
the points are not 
well-aligned with 
some large 
deviations. 

1 × 107 0.467 (SD = 0.142) 
 

Value is greater than 
0.2 mm, which 
indicates that on 
average, the points are 
not close. 

0.099 
 

Value suggests 
that the points are 
very well aligned 
with very little 
deviations. 

1 × 107 Mimics and Geomagic 
Freeform mesh was 
significantly smaller on the X-
axis and on the Y-axis and 
noticeably larger on the Z-axis. 

Artec + 3D Coat 0.467 (SD = 0.142) 
 

Value is greater than 
0.2 mm, which 
indicates that on 
average, the points 
are not close. 

0.488 
 

Value suggests that 
the points are not 
well-aligned with 
some large 
deviations. 

1 × 107 0.090 (SD = 0.034) 
 

Value is close to zero 
mm, which indicates 
that on average, the 
points are very close. 

0.096 
 

Value suggests 
that the points are 
very well aligned 
with very little 
deviations. 

1 × 107 Mimics and Geomagic 
Freeform was similar in size on 
the X-axis, and slightly smaller 
on the Y-axis and on the Z-axis. 

Artec + ZBrush 0.284 (SD = 0.294) 
 

Value is slightly 
greater than 0.2 mm, 
which indicates that 
on average, the 
points are relatively 
close. 

0.409 
 

Value suggests that 
the points are not 
well-aligned with 
some large 
deviations. 

3.758 × 106 0.089 (SD = 0.036) 
 

Value is close to zero 
mm, which indicates 
that on average, the 
points are very close. 

0.096 
 

Value suggests 
that the points are 
very well aligned 
with very little 
deviations. 

5.435 × 106 Mimics and Geomagic 
Freeform mesh was slightly 
smaller on the X-axis and 
significantly smaller on the Y-
axis, as well as noticeably 
larger on the Z-axis. 

SD = Standard deviation 
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Model statistical comparison using Geomagic Control X 

The distance statistics were also calculated using Geomagic Control X to assess how closely the test 

nose models aligned with the control model. When the maximum deviation was set to 0.5, the results 

indicated that, on average, the test nose models were closely aligned with the control. In this range, 

the nose model produced with the process chain in which 3D Slicer was combined with 3D Coat 

showed the best overall fit (see Table 7.16). Similarly, at a maximum distance setting of 0.1, all test 

nose models exhibited minimal deviations, further highlighting their close resemblance to the control 

model across this tighter tolerance range. 
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Table 7.16 Geomagic Control X statistics of comparisons between nose models from test process chains with the model from the   

  control process chain  

Process chain 

Geomagic Control X distance comparison statistics 

Maximum distance = 0.5 Maximum distance = 0.1 

Mean 
distance 

RMS 
distance 

Min Max Mean 
distance 

RMS 
distance 

Min Max Remark 

3D Slicer + 3D Coat 0.036 
(SD = 0.154) 

0.158 -0.500 0.500 -0.006 
(SD = 0.052) 

0.052 -0.1 0.1 Mimics and Geomagic Freeform mesh was similar in size 
on the X-axis, and slightly smaller on the Y-axis and on the 
Z-axis. 

3D Slicer + ZBrush 0.081 
(SD = 0.189) 

0.206 -0.499 0.500 0.012 
(SD = 0.057) 

0.058 -0.1 0.1 Mimics and Geomagic Freeform mesh was marginally 
smaller on the X-axis and significantly smaller on the Y-
axis, and noticeably larger on the Z-axis. 

InVesalius + 3D 
Coat 

0.118 
(SD = 0.280) 

0.304 -0.500 0.500 0.004 
(SD = 0.058) 

0.058 -0.1 0.1 Mimics and Geomagic Freeform mesh was similar in size 
on the X-axis, and slightly smaller on the Y-axis, and 
significantly smaller on the Z-axis. 

InVesalius + ZBrush 0.140 
(SD = 0.269) 

0.306 -0.499 0.500 -0.003 
(SD = 0.059) 

0.059 -0.1 0.1 Mimics and Geomagic Freeform mesh was similar in size 
on the X-axis, and slightly smaller on the Y-axis and on the 
Z-axis. 

Artec + 3D Coat 0.113 
(SD = 0.231) 

0.257 -0.500 0.500 0.014 
(SD = 0.057) 

0.059 -0.1 0.1 Mimics and Geomagic Freeform was similar in size on the 
X-axis, and slightly smaller on the Y-axis and on the Z-
axis. 

Artec + ZBrush 0.135 
(SD = 0.232) 

0.268 -0.499 0.500 0.009  
(SD = 0.058) 

0. 059 -0.1 0.1 Mimics and Geomagic Freeform mesh was slightly smaller 
on the X-axis and significantly smaller on the Y-axis, as 
well as noticeably larger on the Z-axis. 

SD = Standard deviation; Min = Minimum distance; Max = maximum distance 
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Pinpoint anatomical region deviations using Geomagic Control X 

The deviations between the control nose model and the test nose models were measured at six 

specific anatomical points to provide more accurate comparative data. No distinct pattern emerged 

from these pinpoint deviation measurements. However, models produced from process chains 

involving 3D Slicer, as well as the chain combining Artec Spider scan data with ZBrush, exhibited 

substantially lower absolute mean deviation values compared to the other test chains (see Table 7.17). 

It is important to note that the alignment of the control model with the test models produced with 

InVesalius in combination with ZBrush, and to a lesser extent InVesalius combined with 3D Coat, 

proved to be challenging, which probably contributed to the higher deviation measurements in these 

cases. 

Table 7.17 Deviation and absolute mean comparison of nose pinpoint anatomical regions   

Process chain 

Deviation of pinpoint anatomical region 

Kyphion Pronasale 
Columellar 

peak 
Subnasale Alare 

Alar 
curvature 

Absolute 
mean 

deviation 

3D Slicer + 3D Coat -0.029 -0.034 -0.138 -0.127 0.264 -0.079 0.112 

3D Slicer + ZBrush 0.228 0.255 -0.006 -0.123 0.404 0.219 0.205 

InVesalius + 3D Coat 0.496 -0.486 0.489 NR NR 0.465 0.484 

InVesalius + ZBrush 0.406 -0.457 0.151 NR NR NR 0.338 

Artec + 3D Coat 0.493 -0.279 0.225 -0.354 0.492 0.422 0.378 

Artec + ZBrush 0.000 -0.087 0.372 -0.104 0.198 -0.402 0.194 

NR = No result because of alignment problems 

7.3.4 Best-fit ranking of potential alternative process chains 

A more focused comparison of the test process chains was conducted to better understand their 

relative performance against the control process chain. Based on various comparative statistical 

analyses, the process chains were ranked, with a score of "1" indicating the best alignment with the 
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control model. USRI values were calculated for each of the test process chains using the SRs of the 

initial ratings to compare the performance of the different process chains. The index values revealed 

that the test chains involving 3D Slicer consistently produced the most accurate models (Table 7.18). 

The process chain combining InVesalius with 3D Coat ranked second, while the remaining three 

chains demonstrated similar performances, all positioned in the third tier. Despite the slight differences 

among the chains, all test process chains were deemed acceptable, leading to the conclusion that 

each alternative process chain offers a viable substitute for the industry-benchmark chain. 

Table 7.18 Best-fit ranking of test process chains based on different comparative rankings 

between the test models and control models  

Best-fit rating, standardised rating, and USRI 

Process chains 

Magics 
histogram 

CloudCompare 
histogram 

(Max 0.5) 

Geomagic Control 
X 

histogram 

(Max 0.5) 

Pinpoint 
anatomical 
deviation USRI 

Ear Nose Ear Nose Ear Nose Ear Nose 

3D Slicer + 3D Coat 2 0.17 2 0.13 2 0.17 2 0.14 3 0.21 1 0.06 2 0.15 1 0.07 13.8 

3D Slicer + ZBrush 1 0.08 2 0.13 2 0.17 1 0.07 1 0.07 2 0.12 2 0.15 2 0.13 11.5 

InVesalius + 3D Coat 2 0.17 1 0.06 1 0.08 3 0.21 2 0.14 3 0.18 2 0.15 4 0.27 15.8 

InVesalius + ZBrush 3 0.25 4 0.25 2 0.17 3 0.21 3 0.21 4 0.24 1 0.08 3 0.20 20.1 

Artec + 3D Coat 2 0.17 4 0.25 2 0.17 3 0.21 2 0.14 3 0.18 3 0.23 3 0.20 19.4 

Artec + ZBrush 2 0.17 3 0.19 3 0.25 2 0.14 3 0.21 4 0.24 3 0.23 2 0.13 19.5 

SR = Standardised Rating; USRI = Unweighted Standardised Rating Index; Max 0.5 = Statistics of maximum distance set 
at 0.5 used for ranking 
 
 
 
 

7.3.5 Prints of nose moulds and casting of silicone models 

To illustrate the final steps in the process chain for designing and manufacturing a prosthesis, a mould 

was created using a nose designed in the combination of 3D Slicer and 3D Coat software. This mould 

was then 3D printed using liquid resin material. The 3D printed mould was subsequently used to cast 
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a silicone nose prosthesis, which was hand-painted. Table 7.19 displays various angles of the printed 

mould as well as the front views of the silicone nose prosthesis. 

Table 7.19 Example of nose mould (negative) and silicone nose prostheses (positive) 

3D Slicer combined with 3D Coat 

 
Complete mould 

 
 
 
 

 
 
 

Mould front 

 
 
 
 

 
 
 

Mould back 

     
 Silicone nose front  

  
 Silicone nose placed on mould 

 

7.3.6 Estimated cost of the process chains 

To gain insight into how the potential alternative process chains differed in terms of cost, they were 

compared using cost estimates for software investment and data generation. Although costs such as 

labour and equipment, specifically the CT scanner and Artec Spider, were not included, it is important 
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to note that the initial investment for the Artec Spider surface scanner is approximately R530 000. 

Overall, the test process chains were found to be significantly more cost-effective when compared to 

the control process chain. Table 7.20 presents a comprehensive overview of the key components of 

the process chains under evaluation. It revealed that the process chain using surface scanned data 

combined with 3D Coat was the most affordable, with the two chains that combined 3D Coat with the 

two MIP software applications being the cheapest among the MIP and CAD process chains. This 

highlights that cost savings can be achieved by opting for surface scanning technology and carefully 

selecting software combinations. 
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Table 7.20 Cost-based ranking of the process chains 

Process chain cost analysis 

Proposed process 
chain 

Data 
acquisition 

MIP software CAD software 
Total process 

chain cost 

Proposed 
process 

chain 
ranking  

Initial investment 
Recurring cost  

(license fee) 
Initial investment 

Recurring cost  
(license fee) 

Mimics + Geomagic 
Freeform 

CT 
Dicom/scan 

R1500 – R2000 

Mimics 
> R1.7M 

Mimics 
R268 000  

(annual license 
renewal fee) 

Geomagic Freeform 
with Haptic Device 

R250 000 
- ±R520 000 7 

3D Slicer + 3D Coat 
CT 

Dicom/scan 
R1500 – R2000 

3D Slicer 
Free 

3D Slicer 
Free 

3D Coat 
Free 

3D Coat 
Free 

±R2 000 2 

3D Slicer + ZBrush 
CT 

Dicom/scan 
R1500 – R2000 

3D Slicer 
Free 

3D Slicer 
Free 

ZBrush 
R15 900  

(per license) 
- ±R17 900 4 

InVesalius + 3D Coat 
CT 

Dicom/scan 
R1500 – R2000 

InVesalius 
Free 

InVesalius 
Free 

3D Coat 
Free 

3D Coat 
Free 

±R2 000 2 

InVesalius + ZBrush 
CT 

Dicom/scan 
R1500 – R2000 

InVesalius 
Free 

InVesalius 
Free 

ZBrush 
R15 900 

(per license) 
- ±R17 900 4 

Artec Spider + 3D Coat 
Artec Spider 

Initial investment 
R527 289 

Artec Studio 
Initial investment 

R527 289 

Artec Studio 
Free 

3D Coat 
Free 

3D Coat 
Free 

R 0 1 

Artec Spider + ZBrush 
Artec Spider 

Initial investment 
R527 289 

Artec Studio 
Initial investment 

R527 289 

Artec Studio 
Free 

ZBrush 
R15 900 

(per license) 
- ±R17 900 4 

 “1” = most cost effective 
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7.4 Ear/nose geometry resource 

 

A dedicated ear and nose repository has been established at CRPM to produce external maxillofacial 

prostheses. The Artec Spider surface scanner was used to create 14 ear and 14 nose 3D geometries 

that make up this initial database. Without the need for CT scanning, these pre-designed, instantly 

available ear and nose geometries are meant to be a useful resource for medical professionals and 

designers. Table 7.21 outlines the steps involved in the creation of the geometries, illustrating the 

process from scanning to final model production. Table 7.21 A shows the raw data displayed in Artec 

Studio software, while Table 7.21 B shows the scanned datasets that have been “knitted” together to 

form surface meshes of three ears and three noses, and Table 7.21 C shows the 3D models of the 

ears and noses created from the surface mesh data. 

Table 7.21 Examples of ear and nose geometries in the ear/nose resource 

Ear 

A. 
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B. 

   
C. 

   
Noses 

A. 

   
B. 
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C. 

   
 

7.4.1 Deformity repair illustration using an ear from the resource 

The ED model was digitally repaired to demonstrate the application of the dedicated ear and nose 

repository. After importing the ED model into 3D Coat, an ear selected from the database was imported 

into the CAD software. The ear was then positioned over the deformity to digitally repair the ED model. 

Once properly aligned, the ear's edges were blended and smoothed to produce a seamless fit. Table 

7.22 A shows the ear used for the digital repair, while Table 7.22 B, C, and D present various views 

of the ear on the ED model. Table 7.22 E, F, and G illustrate the smoothed edges, and Table 7.22 H 

and I display the final ear, securely and seamlessly attached to the ED model. 

Table 7.22 Illustration of the steps followed to digitally repair the ear deformity (ED) 

Images of digital repair of ED 

A. 

 

B. 

 

C. 
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D. 

 

E. 

 

F. 

 
G. 

 

H. 

 

I. 

 
 

7.4.2 Deformity repair illustration using a nose from the resource 

The ND model was also digitally repaired to demonstrate the application of the repository. A nose 

model, selected from the database, was fitted onto the ND model using 3D Coat, illustrating the 

process of integrating pre-designed prosthetic components. Table 7.23 A shows the nose used for the 

digital repair, while Table 7.23 B, C, and D present various views of the nose on the ND model. Table 

7.23 E, F, and G illustrate the smoothed edges of the nose, and Table 7.23 H and I display the final 

nose, securely and seamlessly attached to the ND model. 
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Table 7.23 Illustration of the steps followed to digitally repair the nose deformity (ND) 

Images of digital repair of ND 

A. 

 

B. 

 

C. 

 
D. 

 

E. 

 

F. 

 
G. 

 

H. 

 

I. 
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7.5 Discussion and conclusion 

In the final phase of this study, several potential alternative process chains were evaluated as more 

cost-effective alternatives to the industry-benchmark control process chain. The results of the study 

showed that all six evaluated process chains were viable alternatives for the industry-benchmark, as 

they exhibited similar accuracy and performance. The four alternative process chains, which 

integrated MIP and CAD software, produced real-world models of comparable quality to those 

produced with the control process chain. However, it is important to highlight that ZBrush is a 

sophisticated software application that requires a skilled designer to operate for model design 

(Sarstedt, 2012; Durisetti et al., 2022). Similarly, process chains that used data from the Artec Spider 

scanner produced models that were similar to those of the control chain. However, a crucial difference 

between the two groups became apparent. The process chains that integrated MIP software mostly 

depended on CT volumetric data, which has a higher radiation risk and costs more because it requires 

specialised equipment and knowledge (Esmaeilzadeh et al., 2024). On the other hand, the process 

chains that used Artec Spider data provide a more economical option because it is portable, radiation-

free, and cheaper (Diara, 2023). It is a more accessible choice because it does not require specialised 

expertise. Despite the advantages of the Artec Spider, it has limitations. When using the Artec Spider 

to capture surface data, it can be difficult to capture data of undercuts and holes of facial anatomy 

(Paxton et al., 2022; Erolin, 2023). As a result, there may be missing data that needs to be designed 

further in CAD software. In addition, the scanner has trouble in recognising hair and reflective surfaces, 

and the mesh alignment during the "knitting" process might be challenging (Paxton et al., 2022).  

In summary, the results of this study showed that it was possible to identify process chains that are 

more cost-effective. Based on project requirements, process chains can be chosen based on overall 

cost, and balancing factors such as the use of surface-scanned data versus CT-generated data, 

software complexity, quality level, and the skill level necessary for effective implementation. 
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Chapter 8  

Discussion and Conclusion 
 

8.1 Introduction 

Facial trauma and deformities in South Africa have significant repercussions, not only for the affected 

individuals but also for their families and communities. The consequences of facial trauma extend 

beyond physical disfigurement, and includes economic burdens such as loss of income, the need for 

extended care, and the emotional toll on both the individual and their caregivers (Yadav & Shrestha, 

2017; Sarwer et al., 2022). These factors highlight the importance of accessible reconstructive 

solutions, particularly for populations with limited financial resources (Adeleke et al., 2023). 

Advanced technologies have revolutionised the field of external maxillofacial prosthesis 

manufacturing. Digital imaging, medical image processing (MIP), computer-aided design (CAD), 

computer-aided manufacturing (CAM), and additive manufacturing (AM) have collectively transformed 

how prostheses are designed and produced (Bai et al., 2014; Cruz et al., 2020). These technologies 

have largely supplanted traditional, labour-intensive carving methods, offering less invasive and more 

efficient alternatives that are increasingly favoured in clinical practice (Petrovic et al., 2012; Sakib-Uz-

Zaman & Khondoker, 2023). The ability to create custom-made prostheses that precisely match a 

patient's anatomy represents a significant advancement, providing patients with more personalised 

and effective treatment options (Cruz et al., 2020; Safali et al., 2023). Despite these advancements, 

the high costs associated with these advanced technologies pose a significant barrier to many South 

African patients who require prostheses (Olatunji et al., 2023). This study was motivated by this 

financial challenge to look for more reasonably priced data sources and software options that could 

produce results that were on the level of the industry benchmarks. Therefore, by testing the integration 

of surface scan data, and alternative MIP and CAD software options into prosthesis manufacturing 
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process chains, workable solutions were identified that could make necessary medical interventions 

more accessible to a wider segment of the South African population.  

8.2 Process chain options for maxillofacial prosthesis

 manufacturing  

The manufacturing of prostheses is an interdisciplinary process that involves the collaboration of a 

range of experts to create a digital prosthesis design suitable for manufacturing. This team typically 

includes engineers, designers, and medical professionals, each contributing specialised knowledge to 

ensure that a prosthesis meets both functional and aesthetic requirements (Tack et al., 2016). The 

designer plays a central role in developing the digital model for a prosthesis, which often includes 

creating a mould for the final product, which is followed by prosthesis manufacturing using AM 

technologies (Cristache et al., 2021).  

Traditionally, computed tomography (CT) digital volumetric data has been the standard for generating 

the detailed anatomical information required for prosthesis design. However, CT comes with a 

significant radiation burden, as it exposes patients to considerably higher levels of radiation compared 

to conventional radiography (Esmaeilzadeh et al., 2024). This poses health risks, especially when 

multiple scans are needed (Shbeer, 2024). An emerging alternative is the use of surface scan data, 

which implements structured light technology, offering a significant advantage by eliminating radiation 

exposure (Unkovskiy et al., 2022). In addition to being safer, and non-invasive, surface scanning is 

also more cost-effective, and does not require specialised expertise, making it a more accessible 

option for both healthcare providers and patients (Diara, 2023; Costello et al., 2024). This shift toward 

surface scan data not only reduces health risks but also helps in lowering the overall costs of 

prosthesis production, making these life-changing medical devices more affordable and accessible. 
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The traditional software used for designing prostheses typically involves expensive proprietary 

applications (Irshad et al., 2024), which significantly increase the overall manufacturing costs. By 

identifying more cost-effective alternatives for both MIP and CAD software, it is possible to reduce 

these costs without compromising on quality (Mandolini et al., 2022; Yap Abdullah et al., 2024). When 

working with CT data, MIP software is required to segment a region of interest (ROI) from the data 

volume, which is then imported into CAD software for the prosthesis design process (Mian et al., 

2022). In contrast, surface scan data can be imported directly into CAD software, streamlining the 

process (Costello et al., 2024; Schipper et al., 2024). Therefore, by integrating less expensive MIP 

and CAD software can substantially lower costs in both CT and surface scan workflows.  

8.3 Process chain choice  

Although various surface scanning instruments and software applications have been compared in the 

literature, a comprehensive comparison of the entire process chain, comprising of different 

combinations of components, has not been undertaken, as far as could be determined, making this 

study a first of its kind. This study employed an innovative and uniquely tailored methodology to 

achieve its objectives. Following a pragmatic and systematic approach, and by validating each step of 

the process, six alternative process chain options for the manufacturing of external maxillofacial 

prostheses were identified. The selection of appropriate process chains involves balancing cost, 

quality, and patient-specific factors such as health risks and financial constraints. The most cost-

effective process chain identified in this study was the combination of surface scan data from the Artec 

Spider scanner with the CAD software 3D Coat. Despite being one of the least expensive chains 

tested, the resulting 3D models exhibited notable deviations from those produced by the control 

process chain, highlighting a trade-off between cost and precision. Conversely, the highest quality 

process chains were those combining the MIP software applications 3D Slicer or InVesalius with 3D 

Coat. While these options delivered superior accuracy and remained more affordable than the control 
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chain, they are still relatively costly due to their dependence on CT data. Additionally, the use of CT 

imaging poses significant health risks to patients, particularly because of high radiation exposure 

(Durisetti et al., 2022). Table 8.1 presents the proposed alternative process chains identified in this 

study, and their ranking by quality, cost, and associated radiation risk. 

Table 8.1 Ranking of process chains based on quality and cost 

Process chain 
Quality 
ranking 

Cost 
ranking 

Radiation 
risk 

Remark Data 
type 

MIP 
software 

CAD 
software 

CT 3D Slicer ZBrush 1 4 Yes Besides the radiation risk, ZBrush is a complex 
software to operate and requires a skilled 
designer. 

CT 3D Slicer 3D Coat 2 2 Yes Besides the radiation risk, this process chain is 
one of the promising of the tested chains. 

CT InVesalius 3D Coat 3 2 Yes Besides the radiation risk, this process chain is 
one of the promising of the tested chains. 

SD   3D Coat 4 1 No  Besides the advantages of being radiation-free 
and cost-effective, surface scanning undercuts 
and holes in facial anatomy is difficult and 
results in missing data that may require 
additional designing in CAD software. 
Processing of scanned meshes is also 
challenging. 

SD  ZBrush 4 4 No Besides the advantages of being radiation-free, 
surface scanning undercuts and holes in facial 
anatomy are difficult and result in missing data 
that may require additional designing in CAD 
software. Processing of scanned meshes is 
also challenging.  
ZBrush is a complex software to operate and 
requires a skilled designer. 

CT InVesalius ZBrush 6 4 Yes Besides the radiation burden, ZBrush is a 
complex software to operate and requires a 
skilled designer. 

CT = computed tomography; SD = surface scan data  

It could be concluded from this study that the choice of process chain should be determined by specific 

needs, the designer's expertise, and the available resources. For instance, in cases where a young 

child may require multiple prostheses over time due to growth and development, the most cost-

effective process chain could be the best option, even if it results is slightly lower quality. Given the 
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potential health risks, it is crucial to avoid exposing young children to CT scanning, as the high 

radiation doses could be harmful, especially when multiple scans are needed (Chodick et al., 2009; 

Meulepas et al., 2019). Although CT scans have significant medical benefits, their increased use since 

the 1980s has raised concerns about potential cancer risks, particularly after childhood exposure 

(Printz, 2019). Therefore, careful consideration should be given to the use of CT scans in younger 

patients. Furthermore, patients facing financial constraints might prioritise affordability, accepting 

lower precision in exchange for access to a necessary medical device. Ultimately, the findings of this 

study highlight the importance of balancing cost, quality, and patient safety when selecting an 

appropriate process chain for the manufacturing of an external maxillofacial prosthesis. 

8.4 Concluding remarks and recommendations  

In conclusion, this study successfully identified alternative process chains for the manufacturing of 

external maxillofacial prostheses, offering cost-effective options that maintain acceptable quality. The 

findings emphasise the importance of balancing precision with affordability in the choice of software 

and data acquisition methods. While the research has successfully identified more affordable options, 

it also highlights the potential for further refinement. As surface scanning technology continues to 

advance, future studies should focus on exploring instruments with more sophisticated capabilities to 

enhance accuracy and reduce costs. Likewise, the ongoing evolution of 3D printing technologies and 

materials opens opportunities for additional research into even more accessible options. Continued 

innovation in these areas will be critical in expanding the availability of external maxillofacial 

prostheses, ensuring that more patients in South Africa can benefit from these life-enhancing medical 

devices at a lower cost. 
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Appendix C 

    PROJECT INFORMATION 

Title of study:  

Techno-economic assessment of process chains for the manufacturing of external 

maxillofacial prostheses for the South African ethnic demography using digital and Additive 

Manufacturing technologies 
 
Principal Investigator:  
This study will be conducted by Izél van Heerden, under the guidance of Professor Annabel Fossey and Doctor 
Kobus van der Walt in the Centre for Rapid Prototyping and Manufacturing (CRPM), Department of Mechanical 
and Mechatronics Engineering at the Central University of Technology (CUT), Free State. This study is 
undertaken towards a degree of Doctor of Health Sciences in Biomedical Technology.  
 
E-mail: ivanheerden@mweb.co.za 
Cell number: 083 662 3427 
 
Background:  
In the medical world, numerous patients suffer one or other disfigurement. These disfigurements may be as a 
result of birth defects, cancer, burns or accidents. Facial defects are of particular concern, because these 
patients often suffer psychological distress and tend to withdraw from their social environments. Therefore, 
patients suffering such facial disfigurements usually visit medical doctors requesting some or other treatment. 
Many of these treatments require the rebuilding of body parts, such as ears and noses. In an attempt to improve 
their appearances, these patients, thus may need artificial ears, noses or eyes.  
 
Many of these patients are government funded and cannot afford expensive first world technologies to improve 
their facial disfigurements. These technologies include advanced computer design programs and advanced 
manufacturing technologies. Therefore, the need for mechanisms and systems through which such patients 
can access medical help has been recognised. Because such medical help is expensive, research is needed 
to determine what methods are available that are affordable, and still result in good quality artificial ears and 
noses. This information will help all South Africans, particularly those with low income to obtain such medical 
help.  
 
The purpose of this study is:  
The purpose of this study is to determine which design and manufacturing procedures are available to produce 
relatively low costing artificial ears and noses of acceptable quality. A component of this project will be to 
produce a catalogue of design information of ears and noses for South Africans of different ethnic groups. The 
purpose of this catalogue will be to help with the design and manufacturing of low-cost artificial facial parts. The 
data that will be used to achieve the purpose of this project will be obtained by applying digital scanning 
technologies.  
 
To conduct this study, two types of digital data will be collected. From most participants, digital data of the head 
will be collected through the use of a hand-held digital scanner. Computed tomography data will also be 
obtained from two control participants, who are the principal investigator and one of the study supervisors. 
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Appendix D 

      LETTER OF CONCENT 

Invitation to participate: 
You are invited to take part in a research project. Before you decide to participate in this project, it is important 
that you understand why the research is being conducted and what it will involve.  
 
Please take the time to read the accompanying information brochure carefully. Please ask the researcher if 
there is anything that is not clear or if you need more information. 
 
Study procedure:  
You will be subjected to a computed tomography (CT) scanner to generate digital data of your head. People 
are exposed to radiation from natural sources all the time. All x-rays involve a small extra dose of radiation. The 
dose of radiation used for CT examinations is carefully controlled to ensure the smallest possible amount is 
used that will still give a useful result. However, all radiation exposure is linked with a slightly higher risk of 
developing cancer. The size of any increased risk depends on the age of the participant and the total amount 
of radiation received. The risk of any one scan is very small but increases if many scans are needed.  
 
Risks: 
I understand the procedure has the following specific risks and limitations:  

• There is a very small risk associated with radiation exposure. This cannot be avoided.  

• If you are pregnant or think that you may be pregnant, or suffer epilepsy or have a tendency to 
seizures, or suffer claustrophobia, you are requested to withdraw from participating. 
 

Benefits: 
There will be no direct benefit to you for your participation in this project. However, we hope that your digital 
data will help many South Africa patients who are in need of cost-effective external facial prostheses, who under 
normal circumstances would not be able to afford such prostheses.  
 
Confidentiality:  
Only your digital data will be used and processed anonymously in this research project and subsequent 
research papers that may follow. Your name will not be mentioned in any scientific documentation. 
 
Costs to subject:  
There are no costs to you for your participation in this project. 
 
Compensation:  
There is no monetary compensation to you for your participation in this project. 
 
Consent:  
By signing this consent form, I confirm that I have read and understood the information and have had the 
opportunity to ask questions. I understand that my participation is voluntary and that I am free to withdraw at 
any time, without giving a reason and without cost. I understand that I will be given a copy of this consent form. 
I voluntarily agree to take part in this study.  
 
……………………………………………….   ……………………………………………… 
Signature of participant     Date 
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Appendix E 

   LETTER OF CONCENT 

Invitation to participate: 
You are invited to take part in a research project. Before you decide to participate in this project, it is important 
that you understand why the research is being conducted and what it will involve.  
 
Please take the time to read the accompanying information brochure carefully. Please ask the researcher if 
there is anything that is not clear or if you need more information.  
 
Study procedure:  
You will be subjected to a hand-held digital scanner to generate digital data of your head. This procedure is 
painless and will take approximately 40 minutes. This scanner generates digital data through blue light 
technology. Display screens of computers, electronic notebooks, smartphones and other digital devices also 
emit significant amounts of blue light.  
 
Risks:  
The risks to blue light exposure are minimal. However, in order to protect the interior of your eyes, you are 
requested to keep your eyes closed during the scanning process.  
 
Benefits:  
There will be no direct benefit to you for your participation in this project. However, we hope that your digital 
data will help many South Africa patients who are in need of cost-effective external facial prostheses, who under 
normal circumstances would not be able to afford such prostheses.  
 
Confidentiality:  
Only your digital data will be used and processed anonymously in this research project and subsequent 
research papers that may follow. Your name will not be mentioned in any scientific documentation. 
 
Costs to subject:  
There are no costs to you for your participation in this project. 
 
Compensation:  
There is no monetary compensation to you for your participation in this project. 
 

If you are pregnant or think that you may be pregnant, or suffer epilepsy or tendency to 

seizures, you are requested to withdraw from participating. 

 
Consent:  
By signing this consent form, I confirm that I have read and understood the information and have had the 
opportunity to ask questions. I understand that my participation is voluntary and that I am free to withdraw at 
any time, without giving a reason and without cost. I understand that I will be given a copy of this consent form. 
I voluntarily agree to take part in this study.  
 
  
……………………………………………….   ……………………………………………… 
Signature of participant    Date 
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Appendix F 

Van Heerden, Fossey, Van der Walt, 2018. Maxillofacial prostheses production through computer-

aided design and manufacturing technologies – review of state of the art. RAPDASA 2018 Conference 

Proceedings, pp.77 – 83. ISBN 978-0-620-80987-0. 
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Appendix G 

Van Heerden and Fossey, 2019. Changing world of external maxillofacial prosthesis manufacturing. 

RAPDASA 2019 Conference Proceedings, pp.362 – 370. ISBN 978-0-6398390-0-4. 
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